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ABSTRACT: Although the Zn*" cation in Zn-Cys,, Zn-Cys;His, Zn+ ® ®
Cys,His,, and Zn,Cys, cores of zinc finger (Zf) proteins typically plays a “““c\ dirsctly protsctsd .
structural role, the Zn-bound thiolates in some Zf cores are reactive. Such M~ud oy -
labile Zf cores can serve as drug targets for retroviral or cancer therapies. \T/ c,,\l | | oy
Previous studies showed that the reactivity of a Zn-bound thiolate toward i P 3'\2 n/ T\z S
electrophiles is significantly reduced if it forms S---NH hydrogen bonds cy,/'g‘\ \ 5 > “‘\s/ "e‘*s;\
with the backbone amide. However, we found several well-known inactive Wj % = f | Bl a

Cys

Zf cores containing Cys ligands with no H-bonding interactions. Here, we
show that H bonds from the peptide backbone or bonds from a second Zn

indirectly protected? indirectly protected?

cation to Zn-bound S atoms suppress the reactivity not only of these S atoms, but also of Zn-bound S$* atoms with no interactions.
Indeed, two or more indirect NH---S hydrogen bonds raise the free energy barrier for methylation of a Zn-bound S$* in a Cys, core
more than a direct NH---S* hydrogen bond. These findings help to elucidate why several well-known Zf cores have Cys ligands with
no H bonds, but are unreactive. They also help to provide guidelines for distinguishing labile Cys-rich Zn sites from structural ones,

which in turn help to identify novel potential Zf drug targets.

l INTRODUCTION

Two or more cysteines are usually found in Zn-binding sites
that are mainly involved in protein structure stabilization as
opposed to catalysis.'~” Such structural Zn-sites are commonly
found in zinc finger (Zf) proteins that contain one or two Zn>"
tetrahedrally coordinated to =2 cysteines and =<2 histidines,
forming four major kinds of cores: Zn - Cys,, Zn+ Cys;His, Zn-
Cys,His,, and Zn,Cyss. The Zn*" in Zfs plays a structural role:
it induces the correct folding of Zf peptides, stabilizing the local
protein structure that is required for function. Thus, Zf’s are small
protein domains stabilized by one or more structural Zn*"
cations. They typically function as interaction modules, and by
binding DNA, RNA, proteins, or small molecules, they are
involved in many fundamental cellular processes such as replica-
tion and repair, transcription and translation, cell proliferation
and apoptosis, metabolism, and signaling.”*

Our previous work provided a physical basis for why =2 Cys™
are often found in structural Zn sites but are rarely found in
catalytic sites where Zn”" can act as a Lewis acid (electron-pair
acceptor):” Most structural Zn sites are Cys-rich with a coordi-
nation number of 4, as Cys ~ transfers more charge to Zn>" than
do the other amino acid and water ligands,'>"" thereby reducing
the metal’s positive charge and electron-accepting ability.
Furthermore, steric repulsion among the bulky Cys(S™) inhibits
Zn*" from binding a fifth ligand. Hence, char§e transfer and
steric effects of >2 Cys ™ ligands prevent the Zn”" from serving
as a Lewis acid in catalysis. These principles also help to explain
why no natural Zf domains with His, or His;Cys cores exist: if
Zn*" were to bind to one or no Cys ", it could act as a Lewis acid
and bind another ligand.”

v ACS Publications ©2011 american chemical Society

Although Zf cores typically play a structural role, some Zf cores
can be chemically activated and can serve as drug targets for
retroviral or cancer therapies.'> Such Zf cores are referred to as
labile herein because the Zn-bound thiolate is reactive, whereas
Zn”" still plays a structural role. The Zn-bound S atoms can
undergo reversible/irreversible oxidation, accompanied by Zn re-
lease, which in turn alters protein function.” For example, the Zn-
bound S atoms of the Cys;His core in the HIV-1 nucleocapsid p7
protein can be oxidized by Zn-ejecting reagents such as disulfide
benzamide, resulting in Zn>" ejection and loss of viral protein
structure and function,"* "¢ but they do not affect cellular human Zf
functions."” Disulfide benzamide and benzisothiazolone derivatives
can also successfully eject Zn*" from the Zf cores of human estrogen
receptor DNA-binding domain; hence, they have been employed in
the development of an alternative therapy for breast cancer.'®"
Apart from Zf cores, the Zn - Cys, site in the N-terminal domain of
the E. coli Ada protein (N-Ada), which plays a role in methylated
DNA damage repair, is also reactive. It promotes the transfer of a
methyl group from the methylated DNA to a specific Zn ligand,
Cys38. Interestingly, the other three Zn-bound cysteines of N-Ada
do not react with the methyl group.*

For a given Zn-site, what factors determine whether a Zn-
bound thiolate is inert or reactive? Both experimental*' and
theoretical”> >* studies show that the net charge of the Zn core
affects the nucleophilicity of the Zn-bound thiolate: a more
negatively charged Zf core will tend to increase the inherent
reactivity of a Zn-bound thiolate than will a neutral one.
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Table 1. Zf Cores Containing Cys Ligands with No H Bonds and Their Solvent-Accessible Surface Area (SASA)

cysteines with no

PDB entry protein name H bonds™” SASA (%)°
Structural Zn Sites
Zn - Cys, sites
1lat glucocorticoid receptor cHo ¢t 1
1u8b Ada-DNA complex c*®, c* 8
2jvn Human PARP-1 c*® ¢ 8
lhet alcohol dehydrogenase c'o 10
Zn - Cys;His sites
1dsv MMTV-1 NCp10 ZD2 c co, ¢ 9
2exf HIV-1 NCp7 ZD1 ch, '8 c® 20
1pud tRNA-guanine transglycosylase 0, ¢
la74 I-ppol homing endonuclease c*, ¢l
Iptq protein kinase C delta c? 15
Zn - Cys,His, sites
laay Zif268 c'7, c'? 16
Iclc endoglucanase d chs ¢l 2
1tf3 Zf of TFIIIA ct 26
Zn,Cysg sites
1zme PUT3—DNA complex c*, ¥, c® 3
cs3 o
1pyi PPR1—DNA complex c* c¥, ct 2
oo
Labile Zn Sites
Zn - Cys, sites
1hep Human/chicken estrogen receptor c® c¥, c¥, c® 19
leyf Ada protein (free form) c* c*? c® c”? 8
Zn - Cys;His sites
1fu9 FOG-1 ¢, ct c? 11
1dsq MMTV-1 NCp10 ZD1 cct et 27
2exf HIV-1 NCp7 ZD2 c*,c¥®,c® 17
2096 histone demethylase JMJD2A >, C%, 3% 19

“ Hydrogen bonds to the Zn-bound cysteines were computed using HBPLU

sSZb

cysteines with H bonds**

C443 (bb), C460(SC+)
C®(bb), C”*(bb)
C**8(bb), C*''(bb)
C%7(bb), C'*°(bb), C***(bb)

none
none

C*'8(bb and sc)
C1%5(bb)

C**(bb), C**"(bb)

none

none

CSO(SC+)
C*(sc)

C®(bb)

none

none

none
none
none

none

Unsheltered cysteines with no H bonds to other amino acid residues in

the Zf; H bonds to water molecules were not counted. “ The mean % SASA of the Zn-site was computed using NACCESS.>® # The Zn-bound Cys forms
H bonds to the backbone NH (bb) or a neutral side chain (sc) or a positively charged side chain (sc™).

A statistical analysis of 207 Zf’s from 92 protein structures showed
that the degree of screening of the Zn-bound thiolates via
backbone NH---S hydro§en bonds determines the reactivity of
the Zn-bound thiolate.”> Thus, the reactive Zn-Cys, core of
N-Ada was found to be less electrostatically screened via H bonds
than the unreactlve Cysy cores of GATA Zfs. Subsequent
experimental®®?® and theoretical*® studies on model complexes
of Zn metalloproteins confirm that a single H bond between an
amide N—H and a Zn—bound thiolate can significantly reduce
its reactivity toward electrophiles. Furthermore, although in the
NMR? structure of free N-Ada, the Zn-bound cysteines exhibit no
H bonds, in the X-ray”’ structure of methylated N-Ada complexed
with DNA, backbone NH---S hydrogen bonds are absent at the
uniquely reactive Cys38, but are present at the other unreactive
cysteines.”® Altogether, these findings suggest that NH---S hydro-
gen bonds can suppress the Zn-bound thiolate reactivity.

The above H-bond protection argument, Wthh is used to
explain the exclusive reactivity of Cys38 in N-Ada,'> implies that
for a Cys-rich Zn core to be inert, each Zn-bound thiolate needs
to be masked by one or more H bonds to suppress its reactivity.

Scheme 1. (A) Can a Direct H Bond from the Peptide
Backbone to Cys S Suppress the Reactivity Not Only of S, but
Also the Other Zn-Bound $*; and (B) Can Bonds from a
Second Zn Cation to the Bridging S Atoms Suppress the
Reactivity of the Terminal Zn-Bound $*?
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However, when we surveyed X-ray and NMR structures of Zf cores in

the Protein Data Bank (PDB),*'

several well-known inert Zf cores
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Scheme 2. Schematic Diagram Showing Two Possible Pathways for E. coli N-Ada Reacting with Methylated DNA

Associative pathway

38
cvs gt Cys® Cys® Me
| Ve-DNA S --Me --DNA $
/Zn,,,,,wc 572 e —_— Zn.,, 72 + DNA"
cys®? '\ 53’ Z CysT2 Cys*? Cys
Cys Cys*? \ Cys®

Dissociative pathway

~Zn,,
Cys*? \ "CysT? Cys¥_s- Me-DNA
CySGB

~Zn,,
27\ ""Cys™ + Cys%®-S-Me| + DNA

cySSQ

Scheme 3

AG'
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A(e=x) - B(e=x)
AG'

possess unsheltered Cys ligands with no H-bonding interactions
(see Table 1). Notably, the Zn - Cys, site of alcohol dehydro-
genase (lhet) contains a Cys with no H bonds to other amino
acid residues like Cys 38 in N-Ada, while the Zn- Cys, sites of
human PARP-1 (2jvn) and glucocorticoid receptor each contains
two unsheltered cysteines. Hence, the H-bond protection argu-
ment does not explain why N-Ada is uniquely active as compared
to structural Zf's containing the same Zn - Cys, motif. Further-
more, some Zf’s containing polynuclear Zn-sites exhibit a lack of
H-bond protection. For example, the Zn,Cyss cores in PUT3
(1zme) and PPR1 (1pyi) proteins complexed with DNA each has
only a single H bond to second-shell residues, while the other five
cysteines are unsheltered.

The results in Table 1 suggest that additional factors are
involved in protecting structural Zf cores from unwanted reac-
tions. We hypothesize that unsheltered Cys ligands may be
protected by indirect interactions with other cysteines, as illu-
strated in Scheme 1. Thus, this work aims to answer the following
questions: (1) Can indirect H bonds to Cys ligands stabilize the
Zf core and inhibit reaction at the other unsheltered Cys ligands
(Scheme 1A)? (2) Can bonds from a second Zn cation to the
bridging S atoms stabilize the binuclear Zf core and inhibit
reaction at the terminal cysteines? (3) How does solvent
exposure of the Zf core affect its reactivity?

To address the above questions, we chose the E. coli N-Ada
domain as a model system because experimental data are available
to set up and validate the calculations. Transfer of the methyl group
from the methylated DNA to the Zn-bound Cys may proceed
via a dissociative or an associative pathway (see Scheme 2).2%**%

g
2.32 (2.36)

¢
p
o~

T 1094 (109.5)

Figure 1. Comparison between fully optimized S-VWN/6-314+-G(d) and
X-ray geometries of (A) [Zn(MeS) ,Me] - - - (MeO),PO, and (B) Zn- (SPh),.
Numbers without parentheses correspond to calculated distances (in A) and
angles (in deg), whereas numbers in parentheses are the respective values in the
X-ray structure, PDB entry 1u8b for (A) and CSD entry GAKKUY for (B).

The dissociative pathway’***” involves two steps: first, the

nucleophile, Cys38, dissociates from the Zn-Cys, core; second,
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Figure 2. Free energy (in kcal/mol) as a function of the distance between Zn and the departing S* in [Zn(SC¢Hs),(Melm),]° (Zn - S,N,, blue curve),
[Zn(SCeHs)3(Melm)] ™ (Zn-S3N, red curve), and [Zn(SCeHs),]>~ (Zn-S,, black curve) in (a) the gas phase (& = 1) and (b) DMSO (& = 47). The
fully optimized S-VWN/6-31+G(d) geometries of the Zn complexes are depicted on the left, while the respective constrained optimized structures with

the Zn—S* distances fixed at 3.6 or 3.7 A are shown on the right.

the free thiolate attacks the methyl group on the substrate
(methylated DNA) and subsequently rebinds the Zn. The associa-
. 26,3839 . :

tive pathway involves a single step where the methylated
DNA methyl group is transferred to the Zn-bound Cys38. Because
it is not clear if the reaction proceeds via a dissociative or associative
pathway,>"262834353738 \ye computed the key steps in both path-
ways for each model Zn complex: (1) the transfer of a methyl

. ; L 38,39

group to a Zn-bound thiolate in the associative pathway,”””” and
(2) initial dissociation of a Zn-bound thiolate, assumed to be
rate-limiting in the dissociative pathway.*"***” On the basis of
the results obtained, we derived guidelines for distinguishing
labile Zf cores from structural ones.

B METHODS

Models Used. The reaction modeled is transfer of a CH;™ group
from methylated DNA to a Zn-bound Cys in a Zf core via an associative
or a dissociative pathway. The Zn ligands, Cys and His, were modeled by
methyl thiolate (CH3S™) and imidazole, respectively. Our previous
work® showed that the most common second-shell interaction partner
for the Zn-bound Cys is the backbone peptide group, which was
modeled by CH;CONHCHj;. In model Cys;His and Cys,His, Zf cores,
however, the free NH of imidazole can form an unwanted H bond with
the CO group of CH;CONHCHS;, which would affect the chemical
properties of these Zf cores.*""** As our aim is to evaluate the effect of a

8694

NH---S hydrogen bond on the reactivity of an unprotected Cys, and a H
bond between a Zn-bound Cys at position i and the backbone amide at
position i+2 is commonly found in 3D structures (e.g., in PDB entries
lalt, lanv, 1fag, 1bbo, Incs), we used —(CH,)s(CONH)CHj as the
backbone model for Cys;His and Cys,His, Zf cores.

Geometry Optimization. In previous studies,""* the S-VWN
functional and the 6-31+G(d) basis set have been shown to be adequate
for reproducing metal—ligand bond distances in several Zn complexes
within experimental error. Consequently, full geometry optimization for
all of the reactant/product complexes was carried out using the Gaussian
03* program at the S-VWN/6-31+G(d) level. For each fully optimized
structure, S-VWN/6-31+G(d) vibrational frequencies were then com-
puted to verify that the reactant/product complex was at the minimum
of its potential energy surface. No imaginary frequency was found in any
of the fully optimized reactant/product complex geometries.

In modeling the first step of the dissociation pathway, the reaction
coordinate was chosen to be the distance between the Zn and the
departing S*, which was elongated from its optimized bond distance to
3.7 A in 0.1 A increments. On the other hand, in modeling the
association pathway, the reaction coordinate was chosen to be the
distance between the attacking Zn-bound S$* and the closest carbon of
(MeO);PO, which was reduced from its optimized value to 1.8 A at 0.1 A
intervals. The geometry for a fixed reaction coordinate was optimized
and used to compute the energy profiles.

Gas-Phase Free Energy Calculations. On the basis of the
fully/constrained optimized S-VWN/6-31+G(d) geometries,

dx.doi.org/10.1021/ja202165x |J. Am. Chem. Soc. 2011, 133, 8691-8703
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Figure 3. Free energy (in kcal/mol) as a function of the distance between Zn and the departing S* in [Zn(MeS),(Im),]° (Zn-S,N,, blue curve),
[Zn(MeS);(Im)]~ (Zn-S;N, red curve), and [Zn(MeS),]*~ (Zn-S,, black curve) in (a) the gas phase (¢ = 1), (b) buried sites (& = 4), and (c) partially
buried sites (& = 20). The fully optimized S-VWN/6-31+G(d) geometries of the isolated metal complexes are depicted on the left, while the respective
constrained optimized structures with the Zn—S* distances fixed at 3.8 or 3.9 A are shown on the right.

B3LYP/6-3114++G(2d,2p) was used to evaluate the electronic
energies, E.., because this method has been shown to reproduce the
experimental gas-phase deprotonation free energies of H,S and has
also been successfully used in metal-induced Zf folding calculations.*
In computing the free energy difference between reactants and
products, the vibrational frequencies were scaled by an empirical factor
of 0.9833,46 and the thermal energy including zero point energy (Er),
work (PV), and entropy (S) were evaluated using standard statistical
mechanical formulas.*” The differences in AE..., AEr, APV, and AS
between the products and reactants were used to compute the gas-
phase reaction free energy, AG', at room temperature (298 K)
according to:

AG' = AEye + AEr + APV — TAS (1)

In computing the energy profiles for the dissociation or association
pathway, the E... of the complex for a fixed reaction coordinate

relative to that of the respective fully optimized complex (AE") was
evaluated. Because the activation entropy (TAS* = 0.07 keal/mol) for
methylation of a thiolate bound to Zn - Cys, was found to be negligible
as compared to the respective activation energy (8.6 kcal/mol), the
entropic changes were not included in the energy profiles; that is, AG*
A AE,.. At the peak of the energy profile for the association pathway,
the geometry of the transition state (TS) was fully optimized. Each
optimized T'S was verified by a single imaginary frequency correspond-
ing to the atomic displacement of the bond-forming and bond-break-
ing entities.

Solvation Free Energy Calculations. Because Zf cores in X-ray
structures are relatively buried with SASA < 30% (Table 1),*° its
environment was characterized by a dielectric constant & ranging from
4 (fully buried) to 20 (partially buried). The free energy, AG", was
calculated according to Scheme 3, where AG' is the gas-phase free
energy and AG,,," is the free energy for transferring a molecule from the

8695 dx.doi.org/10.1021/ja202165x |J. Am. Chem. Soc. 2011, 133, 8691-8703
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Figure 4. Free energy (in kcal/mol) as a function of the distance between the attacking S* and the closest carbon of (MeQ)3PO in [Zn(MeS),(Im),]°
(Zn - $,N,--O%, blue curve), [Zn(MeS);(Im)]~ (Zn-S;N, red curve), [Zn(MeS);(Im)]~ with a H bond between the imidazole NH and the phosphate
0" (Zn-$3;N---OF, violet curve), and [Zn(MeS),]*~ (Zn-S,, black curve) in (a) the gas phase (& = 1), (b) buried sites (¢ = 4), and (c) partially buried
sites (¢ = 20). The fully optimized S-VWN/6-31+G(d) geometries of the reactants and transition states are depicted on the right and left, respectively.

Dashed lines denote H bonds.

gas phase to a continuous medium characterized by dielectric constant,
x. Thus, the AG” can be computed from

AG* = AG' + AGE, (B) — AGL, (A) @)
The solvation free energies were evaluated using the MEAD
program,*® as described in previous works.”* Effective solute radii
were obtained by adjusting the CHARMM version 22°° van der Waals
radii to reproduce the experimental hydration free energies of Zn>* and
model ligand molecules to within 1 kcal/mol (see Supporting Informa-
tion, Table S1). They are as follows (in A): Ry, = 1.40, Ry = 1.468, Ry
(PO,) = 1.0, Rc = 1.88, Ry = 1.80, R = 1.83, Rp = 2.10, Rg = 2.19.

B RESULTS

Validation of the Computed Geometries. Although our
previous studies”'"*"* had shown that the S-VWN/6-314+G(d)
method could reproduce the geometries of complexes between Zn*"
and S-/N-containing ligands, we further validate this method by
searching the PDB*" and the Cambridge Structural Database®" for
X-ray structures similar to the Zn complexes studied. This yielded
two relevant structures: (1) [Zn(Cys),Me] - - - (MeO),PO, in the
cocrystal structure of the N-Ada/DNA complex (PDB entry 1u8b)
where the methyl group is attached to Cys38(S*) and (2)
[Zn-(SPh),]*~ (CSD entry GAKKUY).
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and (c) partially buried sites (& = 20). These free energy profiles are compared to those in the [Zn(MeS),]*>~ complex with no H bonds (black curves)
and with a H bond to the reacting S atom (gray curves). The fully optimized S-VWN/6-31+G(d) geometries of the reactants and transition states are

depicted on the right and left, respectively. Dashed lines denote H bonds.

Comparison of the S-VWN/6-31+G(d) optimized geome-
tries with the corresponding X-ray structures shows good agree-
ment. In the optimized [Zn-(MeS);Me,S- - - (MeO),PO,]*~
complex (Figure 1a), the three thiolate ligands have similar bond
distances (2.27—2.29 A) that overlap with the respective X-ray
distances (2.18—2.29 A), whereas the thioether ligand has an
elongated bond distance (2.47 A) that is identical to the X-ray
value, while the S*—CH; (1.80 A), P—O (1.51 A), and O—S§*
(4.38 A) distances agree with the respective X-ray values to
within 0.02 A. Although the nonbonded O—C(S*) (3.21 A) and
P—S* (4.73 A) distances underestimate the respective X-ray
values by up to 0.25 A, such errors are within experimental error,
as X-ray distances of the same protein solved in different space
groups (e.g,, human carbonic anhydrase) differ by up to 0.40 A.

In the optimized [Zn* (SPh),] > complex (Figure 1b), the mean
Zn—S distance (2.32 A) and S—Zn—S (109.4°) angle agree with
the respective X-ray values (CSD entry GAKKUY) to within 0.04 A
and 0.1°. Using increasingly larger basis sets (6-3114++G(d,p),
6-3114++G(2d,2p), and 6-311++G(2df2p)) with the SVWN
functional does not significantly improve agreement with the X-ray
values (see Supporting Information, Table S2). Using the same
series of basis sets with the B3-LYP instead of the S-VWN functional
yields a Zn—S distance (2.42 A) in poorer agreement with the
experimental value (2.36 & 0.02 A). As the focus herein is the Zn-
bound thiolate, the S-VWN/6-31+G(d) method appears adequate
for geometry optimization of the Zn complexes studied.
Validation of the Computed Relative Free Energies. To
validate the methods used in computing the free energies, we
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Figure 6. Free energy (in kcal/mol) as a function of the distance between the attacking S® (maroon curves) or S* (blue curves) and the closest carbon of
(MeO);PO in the binuclear [Zn,(MeS)s]*~ complex in (a) the gas phase (€ = 1), (b) buried sites (& = 4), and (c) partially buried sites (& = 20). These
free energy profiles are compared to those in the mononuclear [Zn(MeS),]*~ complex (black curves). The fully optimized S-VWN/6-314+G(d)
geometries of the reactants and transition states are depicted on the right and left, respectively.

evaluated if the calculations could reproduce the trends in the
methylation rates of model Zf cores, composed of benzenethiolate
(SC¢Hs) and 1-methylimidazole (MeIm). The rate constants for
reactions of these model Zf cores with (MeO);PO in dimethyl
sulfoxide (DMSO) solution decrease in the order [Zn(SC¢Hs).4]*~
> [Zn(SC¢Hs);(MeIm)]™ > [Zn(SCgHs),(Melm),]°*>¢ Be-
cause the experimental results are consistent with a dissociated
thiolate being the active species, we computed the free energy
profiles for dissociation of a thiolate bound to [Zn(SC¢Hs),]>,
[Zn(SC4Hs)3(MeIm)] ™, and [Zn(SCgH;),(Melm),]° in the gas
phase (£ =1) and in DMSO (& =47). The computed free energies as
afunction of the distance between Zn and the departing $*in DMSO
(Figure 2b) are consistent with the experimental methylation

8698

rates of these Zn complexes: the AG" for pulling $* > 3 A
from Zn in [Zn(SC¢Hs),]>~ (black curve) is less than that in
[Zn(SC¢Hs);(MeIm)] ™ (red curve), which in turn is less than
that in [Zn(SC¢Hs),(MeIm),]° (blue curve). As the thiolate
dissociates, a DMSO molecule may bind to Zn, which would
lower the free energy, but we did not map out the detailed
mechanism of the dissociative pathway because our purpose here
was to verify that the calculations could yield reliable trends in the
free energies. Notably, the results below are based on relative
(as opposed to absolute) free energies, where systematic errors
would cancel to a large extent.

Effect of Zn Ligands on the Reactivity of an Unsheltered
Cys. As the above results indicate that thiolate reactivity depends
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backbone H bond, (B) [Zn(MeS),]*~ with two backbone H bonds, (C) [Zn(MeS),]>~ with three backbone H bonds, and (D) [Zn,(MeS)s]*",
modeling a binuclear Zn,Cysg site where the two Zn ions are denoted by ZnA and ZnB. The AAG” values (in kcal/mol) are relative to the methylation
free energy of the isolated [Zn(MeS),]*~ complex; that is, [Zn(MeS),]>~ + MesPO, — [Zn(MeS);(Me,S)] ™~ + Me,PO, ", whose AG', AG*, and
AG?® values are —80.4, —33.6,and —21.1 kcal/mol, respectively. The fully optimized S-VWN/6-31+G(d) geometries of the reactant and product metal

complexes are shown on the left and right, respectively.

on the Zn ligands, we evaluated the reactivity of an unprotected Cys
in model Cys,, Cys;His, and Cys,His, Zf cores via both dissociative
and associative pathways. The free energy profiles for the dissocia-
tion or methylation of a Zn-bound thiolate in [Zn(MeS),]*,
[Zn(MeS);Im]~, and [Zn(MeS),(Im),] complexes in the gas
phase (& = 1) and in fully/partially buried sites (& = 4/20) were
computed. The results for both dissociative and associative pathways
show that the reactivity of an unprotected Cys in a fully or partially
buried Zf core decreases with decreasing number of Cys ligands:
the free energy for dissociation of a Zn-bound thiolate in Figure 3
increases in going from [Zn(MeS),] >~ (black curve) to
[Zn(MeS);Im] ™ (red curve) to [Zn(MeS),(Im),] (blue curve).
The increase in AG” correlates with an increase in the Zn charge,
whose NBO charge is 1.19¢, 1.24e, and 1.32¢ in the isolated
[Zn(MeS),]*~, [Zn(MeS);Im]~, and [Zn(MeS),(Im),]° com-
plexes, respectively. In analogy to the dissociation free energy
profiles, the free energy barrier for methylation of a Zn-bound
thiolate in Figure 4 increases in going from [Zn(MeS),]*”
(black curve) to [Zn(MeS);Im]~ (violet and red curves) to
[Zn(MeS),(Im),] (blue curve). Notably, in the model Zn-
Cys;His core, the methylation barrier is lowered if the imidazole
NH forms a H bond with a phosphate oxygen (compare red and
violet curves in Figure 4).

Effect of Indirect H Bonds on the Zn-Cys, Reactivity. To
determine if indirect H bonds to the Zn-bound cysteines can
inhibit reaction at an unsheltered Cys (see Scheme 1), we
evaluated the free energy barrier for transferring a methyl group
from (MeO);PO to a Zn-bound Cys of Cys, cores containing H
bond(s) between the other cysteines and the peptide backbone.
The corresponding free energy barrier for a Zn-bound thiolate
H-bonded directly to CH;CONHCH; was also calculated to
compare the effect of a direct H bond with that of an indirect one.
Figure 5 shows the resulting free energy profiles for Cys, cores
containing no H bonds (black curves), one direct H bond (gray
curves), one indirect H bond (green curves), two indirect H
bonds (blue curves), and three indirect H bonds (orange curves)
to the peptide backbone in the gas phase and in fully/partially
buried sites; the fully optimized reactant structures are depicted
on the right, whereas the corresponding TS structures are shown
on the left. These free energy profiles show that, although a single
indirect NH---S hydrogen bond does not appear to protect the
Zn-bound thiolate, two or more indirect NH---S hydrogen bonds
offer more protection than a direct backbone H bond. For
example, in a buried site (¢ = 4), three indirect backbone H
bonds raise the free energy barrier for methylation of a Zn-bound
thiolate in an isolated Cys, core by 6.9 kcal/mol (from 11.0 to
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Figure 8. Effects of H-bond interactions on the reaction free energies
of [Zn(MeS);(Im)]™ and [Zn(MeS),(Im),]° complexes. (A)
[Zn(MeS);(Im)]~ with a direct or an indirect backbone H bond.
The AAG" values (in kcal/mol) are relative to the free energy
for [Zn(MeS);(Im)]~ + MesPO, — [Zn(MeS),(Im)(Me,S)]°
Me,PO, ", whose AG', AG*, and AG* values are —6.3, —17.5, and
—20.5 keal/mol, respectively. (B) [Zn(MeS),(Im),]° with a direct or an
indirect backbone H bond. The AAG" values (in kcal/mol) are relative
to the free energy for [Zn(MeS),(Im),]° + MesPO, — [Zn(MeS)-
(Im),(Me,S)]" + Me,PO,~, whose AG', AG*, and AG* values are
69.2, 4.8, and —13.0 kcal/mol, respectively. The fully optimized
S-VWN/6-31+G(d) geometries of the reactant and product metal
complexes are shown on the left and right, respectively.

17.9 keal/mol), whereas a direct backbone H bond raises it by
only 1.9 kcal/mol (from 11.0 to 12.9 kcal/mol).

Effect of Metal—Ligand Bonds on the Zn-Cys, Reactivity.
A Zn*" in a polynuclear Zn-site coordinated to bridging cystemes
can be considered to contribute direct bonds for the bridging s
atoms and indirect bonds for the terminal S* atoms. For example,
the second Zn (denoted as ZnB) in the binuclear Zn,Cysg site
coordinates to two cysteines bridging the two Zn ions, thus
contributing direct bonds for the bridging S atoms and two indirect
bonds for the unprotected ZnA-bound S* atoms. To evaluate the
effects of ZnB on the reactivity of ZnA- bound Cys, the free energy
profiles for the methylation of a bridging S” and a ZnA-bound $* in
[Zn,(MeS)s]>~ were computed. The results in Figure 6 mdlcate
that bonds from ZnB to the bridging cysteines inhibit the bridging s
reactivity (maroon curves) more than the terminal S* reactivity
(blue curves). For example, in a buried site (¢ = 4), the direct bonds
from ZnB to the brldgmg S atoms raise the free energy barrier for
methylation of s° from 11 keal/mol in [Zn(MeS),]*>~ to 22 keal/
mol in [Zn,(MeS)4]* . Because the second Zn forms direct bonds
with the bridging S® atoms, but provides indirect bonds for the
unprotected ZnA-bound S* atoms, the methylation free energy
barrier of a terminal ZnA-bound S* in the [ ZnZ(MeS) ~ complex
(16.5 keal/mol) is lower than that of a bridging S° (by 5.5 keal/
mol), but still higher than that in the isolated [Zn(MeS),]*~
complex (by 5.5 kcal/mol).

Effects of Indirect Bonds on the Zn-Cys, Stability. To
determine if indirect H bonds or metal—ligand bonds to Zn-
bound cysteines can not only inhibit reaction at an unsheltered
Cys, but also stabilize the Zf core, we computed the AAG” free
energies for methylation of a Zn-bound thiolate in (i)

[Zn(MeS),])*” containing one or more NH---S hydrogen
bonds, and (i) [Zn(MeS),-Zn(MeS),]*" relative to those in
the isolated complex. The positive AAG” values in Figure 7
indicate that indirect H bonds or metal—ligand bonds can help
to stabilize a buried Zn- Cys, core. Increasing the number of
indirect NH---S hydrogen bonds increases the stability of the Zf
core such that three indirect NH---S hydrogen bonds could
stabilize the Zf core more than a direct one: the relative
methylation AAG* free energy of an unshielded thiolate in a
buried [Zn(MeS)4]*~ site containing three NH---S hydrogen
bonds (12.4 kcal/mol, Figure 7C) is greater than that of a
shielded thiolate (7.7 kecal/mol, Figure 7A). Furthermore, a
binuclear Zn,Cyss core is more stable than a mononuclear
Zn-Cys, core. Interestmgly, the gas-phase AAG' for the

[Zn(MeS),-Zn(MeS),]*~ core (28.5 kcal/mol, Flgure 7D) is
similar to that for the [Zn(MeS),+(MeCONHMe),]*~ core
(~26.0 kcal/mol, Figure 7B). The former is stabilized by two
bonds from neutral [ZnB(MeS), ], while the latter is stabilized
by two indirect H bonds from the neutral backbone peptide.
Thus, the second Zn in a binuclear Zn,Cysg core can be
considered to contribute indirect bonds, which helps to stabi-
lize the Zn site.

Effects of Indirect Bonds on the Zn-Cyss;His and Zn-
Cys,His, Stability. To assess if indirect H bonds can also help
to stabilize CyszHis and Cys,His, Zf cores of varying solvent
exposure, we computed the free energies for methylation
of a Zn-bound thiolate in the [Zn(MeS);Im]  and
[Zn(MeS),(Im),] complex containing a direct/indirect NH---S
hydrogen bond relative to those in the respective isolated
complex. The positive AAG” values in Figure 8 indicate that
both direct and indirect H bonds can help to stabilize a Zn-
Cys;His or Zn - Cys,His, core. In a buried site (¢ = 4), a single
direct NH---S hydrogen bond stabilizes the Cys;His or Cys,His,
core by 8—9 kcal/mol, whereas an indirect one stabilizes the
respective Zf core by 5—6 kcal/mol.

Physical Basis for the Effects of Indirect Bonds on Thiolate
Reactivity. To elucidate why indirect H bonds inhibit reaction at
the other unsheltered ligands in Zn- Cys, cores, we computed
the NBO®? atomic charges of Cys, cores containing 0, 1,2, and 3

NH---S hydrogen bonds. Comparison of the atomic charges of
Cys4 cores with backbone hydrogen bonds with those in the
isolated complex shows that the indirect H bonds reduce the
atomic charge of an unshielded Cys S~ and thus its nucleophi-
licity through withdrawal of its charge to the more electroneg-
ative backbone carbonyl O. For exam gle, relative to the NBO
charges of the isolated [Zn(MeS),]”” complex, the largest
change in the NBO charges of the [Zn(MeS),]*>~ complex
containing three indirect backbone H bonds occurs at the
carbonyl O atoms, whose charges are increased by ~12%. On
the other hand, the charges on the three shielded S~ atoms are
reduced by ~10%, whereas the charge on the unshielded S~ is
reduced by 8% (see Figure 9A). Interestingly, the gas-phase AG'
free energy barriers for the methylation of an unshielded Zn-
bound thiolate in a Cys4 core containing 0, 1, 2, or 3 indirect H
bonds (from Figure Sa) correlate with the mean NBO charge on
the unshielded S, as evidenced by a Pearson correlation coeffi-
cient r* = 0.949 (see Figure 9B).
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Figure 9. (A) NBO charge analysis of [Zn(MeS),]*~ with three backbone H bonds. Those NBO charges that exhibit the largest increase and decrease
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for the methylation of an unshielded Zn-bound S* in a Cys, core containing 0, 1, 2, or 3 indirect NH---S hydrogen bonds (from Figure Sa) and the mean

NBO charge on the reacting S*. The Pearson correlation coefficient is 0.949.

W DISCUSSION

Factors Controlling Zf Reactivity. The above results in con-
junction with results from previous studies reveal the key factors
suppressing the Zn-bound thiolate reactivity in a Zf core and the
physical basis for the observed trends. Below, we list these factors in
order of the number and strength of the interactions with the
reacting S*. Notably, the calculations support our hypothesis that
unsheltered Cys ligands may be protected by indirect bonds to other
Cys ligands (see Introduction).

i. Direct H Bonds. In accord with previous studies on model Zf
cores,”® a Zn-bound S* will become less reactive if it is directly
H-bonded to the peptide backbone or other residues in the
second shell (Figure S, compare gray and black curves). This is
because a Zn-bound S* becomes less nucleophilic when it forms
H bond(s): the NBO charge on a Zn-bound S* H-bonded to
CH;CONHCH; (—0.54e) is less negative than that in the
isolated [Zn(MeS)4]>~ complex (~ —0.62e).

ii. Indirect Bonds from Zn Ligands. The reactive thiolate S* is
connected to the other Zn ligand (L) atoms via two bonds:
S*—Zn and Zn—L. Because a negatively charged Cys™ transfers
more charge to Zn than a neutral His,” the net charge transfer
from the ligands to Zn decreases, while the positive charge on the
Zn increases, in the order Cys, > Cys;His > Cys,His,. Notably,
the gas-phase AG' free energy barriers for the methylation of an
unshielded Zn-bound thiolate in Cys,, Cys;His, and Cys,His, Zf
cores (from Figure 4a) exhibit a linear correlation with the NBO
charge on Zn, as evidenced by a Pearson correlation coefficient,
r* A 0.994. A higher positive charge on Zn inhibits methylation/
dissociation of the negatively charged thiolate; hence the increase
in the Zn charge with increasing number of His ligands in the Zf

cores correlates with the decrease in reactivity of these cores
(see Figures 3 and 4). This finding is consistent with the
empirical findings that (i) neutral Zf cores are inherently more
resistant to alkylation reactions than anionic cores,">*" and (ii)
the number of backbone NH---S hydrogen bonds per Zf core
decreases from 6.4 for Cys, to 4.0 for CyszHis to 2.5 for
CyszHisz.25

iii. Indirect Bonds from a Second Zn Site. The reactive thiolate
S*is connected to the second ZnB in a binuclear Zn,Cys core via
three bonds: $*—ZnA, ZnA—S", and S°—ZnB (Figure 6). The
mean NBO charge on the bridging S” (—0.57¢) or unsheltered $*
(—0.58e) in the binuclear Zn,Cysg core is less than that on the S
atoms in the mononuclear Zn - Cys, complex (—0.62¢). Hence,
the reactivity of the S* or S* atom is suppressed and the
binuclear Zn,Cysg core is stabilized relative to the mono-
nuclear Zn- Cys, core with the same net charge. This finding
provides a rationale why some polynuclear Zf cores exhibit a
lack of H—bond protection (see Table 1),>* but are not known
to be reactive.

iv. Indirect H Bonds. The reactive thiolate S* is connected to the
H-bond donor participating in an indirect H bond with a Zn-bound
Cys via two bonds and a H bond: S*—Zn, Zn—S, S—H(N). In
analogy to the second Zn in a binuclear Zn,Cys; core, the presence
of indirect H bonds to the Zn-bound thiolates results in a reduced
charge on the unsheltered S*: the mean S* NBO charge in the model
Cys4 core containing one (—0.60¢), two (—0.59%), and three
(—0.57¢) H bonds with the backbone amide is less than that in
the isolated Zn - Cys, complex (—0.62e), as the negative charge is
withdrawn to the more electronegative backbone carbonyl O.
Notably, three indirect NH---S hydrogen bonds could offer more
protection than a single direct one (Figure S, compare orange and
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gray curves). In contrast to NH---S hydrogen bonds, a NH--O
hydrogen bond between the imidazole NH and a phosphate O
could enhance reactivity of S* (Figure 4, compare violet and red
curves).

v. Solvent Exposure of the Zf Core. Denying solvent access to a
Cys,His, Zf core stabilizes it, as the reaction, [Zn(MeS),(Im),]°
+ Me;PO, — I:Zn(MeS)(Im)Z(MeZS)]+ + Me, PO, is ther-
modynamically unfavorable in a buried site (positive AG™, x < 4,
Figure 8 footnote). This is consistent with the fact that structural
Cys,His, sites are found to be buried in a PDB survey.”
However, the reaction becomes favorable when the site becomes
solvent exposed, due mainly to the favorable solvation of the
charged products as compared to the neutral reactants. On the
other hand, partial solvent exposure of the Zf core does not
significantly affect the protective effects of both direct and
indirect H bonds. The free energy barriers for methylation of a
Zn-bound § in a fully or partially buried C¥s4 core differ by <1
kcal/mol (Figure 5, compare AG* and AG™).

Biological Implications. The results herein help to elucidate
why Zf cores with unsheltered Cys ligands are not known to be
reactive (Table 1). Indirect H bonds can stabilize such structural
cores. For example, the Zn - Cys, core in human PARP-1 (2jvn)
and the Zn-Cys;His core in tRNA-guanine transglycosylase
(1pud) each has two H-bonded cysteines. Although the Zn-
Cys,His, cores of Zif268 (laay) and endoglucanase (1clc) lack
H-bond protection, their inaccessibility to solvent and the
reduced charge transfer from the histidines to Zn help protect
these cores.

The results also help to elucidate guidelines for distinguishing
labile Cys-rich Zn sites from structural ones: labile Cys-rich Zn
sites are likely to be buried Cys, cores or solvent-exposed
Cys3His cores containing unsheltered cysteines. Indeed, the
known labile Cys, and Cys;His Zf cores in human/chicken
estrogen receptor (1hcp), E. coli N-Ada (leyf), FOG-1 (1fu9),
MMTYV nucleocapsid protein (1dsq), HIV-1 nucleocapsid protein
(2exf), and histone demethylase JMJD2A (20q6) contain no
cysteines with H-bonding interactions (Table 1). Notably, the labile
Zn- Cys;His cores in the HIV-1 nucleocapsid protein and histone
demethylase JMJD2A, a potential anticancer drug target,”* can react
with Zn-ejecting reagents.

Any changes in the interactions and solvent exposure of the
Cys-rich Zn site upon substrate binding would impact on the Zn-
bound thiolate reactivity. This is supported by the finding that
the Zn-Cys, core of free N-Ada (leyf) has no H bonds to
second-shell residues and is found to be reactive, whereas the
DNA-bound form of N-Ada (1u8b) exhibits several H-bonding
interactions and is found to be inactive. The selective methyla-
tion of Cys38 in N-Ada may be due to its proximity to the methyl
group on DNA: the distances from the Cys38, Cys42, Cys69, and
Cys72 S atoms to the methylated DNA P atom in the 1u8b X-ray
structure are 4.9, 7.2, 6.6, and 8.6 A, respectively.
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