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The functional role assumed by zinc in proteins is closely tied to the variable dynamics around its
coordination sphere arising by virtue of its flexibility in bonding. Modern experimental and
computational methods allow the detection and study of previously unknown features of bonding between
zinc and its ligands in protein environment. These discoveries are occurring just in time as novel
biological functions of zinc, which involve rather unconventional coordination trends, are emerging. In
this sense coordination sphere expansion of structural zinc sites, as observed in our previous experiments,
is a novel phenomenon. Here we explore the electronic and structural requirements by simulating this
phenomenon in structural zinc sites using DFT computations. For this purpose, we have chosen
MPW1PW91 and a mixed basis set combination as the DFT method through benchmarking, because it
accurately reproduces structural parameters of experimentally characterized zinc compounds. Using
appropriate models, we show that the greater ionic character of zinc coordination would allow for
coordination sphere expansion if the steric and electrostatic repulsions of the ligands are attenuated
properly. Importantly, through the study of electronic and structural aspects of the models used, we arrive
at a comprehensive bonding model, explaining the factors that influence coordination of zinc in proteins.
The proposed model along with the existing knowledge would enhance our ability to predict zinc binding
sites in proteins, which is today of growing importance given the predicted enormity of the zinc

proteome.

Introduction

The electronic properties of Zn?*, such as intermediate Lewis
acidity, redox inertness and flexible coordination geometry,
render it a suitable cofactor in several proteins that perform
essential biological functions. The role of Zn?" in these proteins is
broadly classified as catalytic, structural and regulatory. Zinc in
proteins is usually tetracoordinate adopting a distorted tetrahedral
geometry.! However, the number and type of protein ligands that
are bound to zinc dictates the dynamics and hence the
functionality of a given site (Fig. 1). For example, in catalytic
sites, Zn?* is bound to three protein ligands with histidine being
the most commonly occurring ligand. The fourth coordination
position, which is often occupied by a water molecule, can be
considered open because it is dynamic and undergoes fast
exchange with the substrate, as required for catalysis.>® In
addition to these classical catalytic zinc sites, sites where zinc
expands its coordination sphere temporarily to a pentacoordinate
state to accommodate the substrate are also known.® This includes
the earliest characterized zinc enzyme, carbonic anhydrase 1. On
the other hand, structural zinc sites are characteristic of Zn**
bound to all four protein ligands, which are almost exclusively
comprised of cysteine and histidine, with a greater occurrence of

45 cysteine. These sites possess a high binding affinity towards Zn?*.

Catalytlc Site

Structural Site

Fig. 1 Variable dynamics at different types of zinc sites in proteins as a
function of the number of protein ligands bound to Zn?. L represents
amino acid ligands; W stands for H,O or OH’; S is substrate or inhibitor.

This journal is © The Royal Society of Chemistry [year]
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Thus, they were considered more stable and static, until recently.’
Several studies have now shown that the sulphur-rich structural
sites are reactive and dynamic due to their intrinsic instability
(discussed below).*” Further, instances of zinc bound to just two
protein ligands are known in regulatory sites.?

Dynamics of Regulatory Zinc Sites

Following the findings that several cellular enzymes are inhibited
by Zn*", the role of Zn*" as a regulator of cellular processes is the
focus of much current research. An interesting aspect of this new
role of Zn*" is the unique coordination chemistry at these sites,
although structural data of inhibitory Zn®" sites are sparse at this
time. However, from the available information, it can be inferred
that these sites feature fewer and uncommon protein ligands.®
Zinc at regulatory sites is often bound to just two protein ligands.
Hence, these sites possess low metal binding affinity, allowing
reversible binding of Zn®" to the protein and enabling control
over its function.

Zinc and Caspases

Among the enzymes that may be regulated by zinc are caspases,
the apoptotic proteases, which are targets for drug development.
In a recent report, we have deduced an inhibitory zinc site in
caspase-3 using experimental and theoretical approaches.’ The
proposed site, constituted of the catalytic histidine (His121) and a
nearby methionine (Met61), consistently fits the experimental
observations better than does the generally assumed inhibitory
site, the catalytic dyad (His121 & Cys163). Further the newly
proposed site is 11 kcal mol™ more stable than zinc binding to the
catalytic dyad. The preference of methionine, which is not a
common zinc ligand, over cysteine at this site, serves as an
example of how the general conventions in Zn®" coordination can
be effectively overridden through factors dictated by the protein
environment.

Dynamics of Structural Zinc Sites

Zinc finger (ZF) proteins, which are the most commonly
occurring structural zinc sites, are classified based on the number
of cysteine and histidine ligands in the primary coordination
sphere of Zn?'; these are Cys,His,, CyssHis and Cys, type
cores.’® For a while now, it is known that Zn-Cys, moiety is
employed in nucleophilic reactions, with one of the sulphurs
undergoing S-alkylation reaction.*® Coordination to zinc helps
deprotonation of the cysteine leading to increased nucleophilicity
of the sulphur. Further, given the stability of the “full”
coordination spheres, inferred through measurement of Kgs from
picomolar to femtomolar range,**? structural zinc sites were
considered to be static and unreactive. However, recently, several
experimental and theoretical studies have identified structural
zinc sites as dynamic and labile.®”*** These findings are crucial
to understand zinc exchange and transport in biology'’*® and the
reactivity of structural zinc sites towards drugs, such as
electrophiles and metal chelators. Due to this intrinsic reactivity,
zinc finger proteins have become popular drug targets, especially
in cancer and retroviral therapy.’*?! In this context, we have
developed metal-centred electrophiles for targeting ZF cores.>%*
These electrophiles target the nucleophilic thiolates of the ZFs to
form adducts eventually leading to ejection of zinc and loss of
protein function.
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Fig. 2. Structures of complexes formed during a reaction of [PtCI(dien)]*
and [Zn(bme-dach)],.*®

Coordination Sphere Expansion in Structural Sites

An uncommon trend in coordination of Zn®** was observed in
previous studies from our laboratory involving structural zinc
sites and Pt electrophiles. The product of the interaction of
[PtCI(dien)]” (dien = diethylenetriamine) with a zinc finger model
compound,  [Zn(bme-dach)],, is  initially  [Zn(bme-
dach)(Pt(dien))]** (1) the product of electrophilic attack of a
[Pt(dien)] moiety on the chelate with formation of a monothiolate
Zn-SR-Pt bridge (Fig. 2).> A second species with a mass to
charge ratio corresponding to [(Zn(bme-dach)CI)(Pt(dien))]", II,
is also observed.”® Isolation of the latter species and
characterization by X-ray crystallography showed Pt?* bound
through a dithiolate bridge to Zn?" and CI" bound to the zinc ion,
Fig. 2. These results were mirrored in the reaction of
[PtCI(dien)]" with the C-terminal zinc finger of the HIV
nucleocapsid NCp7 protein (ZFI), where mass spectrometry
showed the formation of ZFI:[Pt(dien)] adducts by thiolate
displacement of Cl in the Pt-Cl bond, accompanied by a
companion peak corresponding to a 1:1 adduct of
ZFI:[PtCI(dien)]*.? By analogy with the model compound study
zinc pentacoordination was hypothesized, with monofunctional Pt
bound to the ZFI through a bridging thiolate while CI" acts as the
fifth ligand to Zn?*. From PDB surveys it is clear that the
common protein ligands in pentacoordinate catalytic zinc sites are
either N or O donors and it is a rarity to find cysteine as a ligand
at pentacoordinate sites.® Thus the results represent unique cases
where pentacoordination is suggested in the presence of multiple
cysteine ligands.

The Hidden Dynamics of Zinc sites

Several years after the discovery of the crucial involvement of
zinc in biology, its properties still present surprises. The element
itself is anomalous in several ways compared to its congeners,
making it harder for strict classifications.?® Hence, there exists a
lack of consensus about important aspects such as nature of
bonding and coordination flexibility of zinc (discussed below).
The incompatibility of many common spectroscopic techniques
that would otherwise help to study zinc proteins at the molecular
level has been detrimental. However, site directed mutagenesis
and metal substitution in conjunction with conventional
biophysical techniques and X-ray crystallography have greatly
helped towards the current understanding of zinc
biochemistry.?"?® X-ray crystal structure being the only data to
obtain accurate structural information about zinc sites, much of
the structural dynamics remains to be discovered. The increasing
awareness of the dynamic role of zinc in cellular processes
demands a better understanding of the mechanism involved in

This journal is © The Royal Society of Chemistry [year]
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zinc transport, homeostasis and siganlling.®"18%31 Recent

improvements in experimental and theoretical methods, however,
have allowed us to uncover some of these mysteries.*

Modern techniques for detection and characterization of zinc
metalloproteins such as X-ray absorption spectroscopy (XAS), X-
ray absorption fine structure spectroscopy (XAFS), nuclear
magnetic resonance spectroscopy (NMR), electrospray ionization
mass spectrometry (ESI-MS) and molecular dynamics (MD) offer
an opportunity to explore the dynamics of Zn molecular systems.
These methods need to be augmented by theoretical simulations
for parameter fitting or by computational methods such as semi-
empirical or density functional theory (DFT) methods for
producing the structural details around zinc.®*%* Quantum
mechanical (QM) methods have become an indispensible tool for
structure prediction of metal centres in proteins. Especially, the
potential of QM methods to predict transition state and reaction
intermediates is unprecedented. Particularly, among the QM
methods, DFT is popular because it produces accurate results
comparable to wave function-based post Hartree-Fock methods,
yet in a cost effective manner.*®
Various biologically relevant zinc cores have been modelled
using DFT methods in order to study their basic properties.
Important questions addressed by these studies are bonding and
structural preferences,**® nucleophilicity of zinc bound Cys and
the effect of electrostatic screening from stabilizing groups,*®*
the protonation state of zinc bound Cys and His***® and the
thermodynamic stability of the cores.3**" It has been proposed
that solvent accessibility of the core and the higher charge
accepting ability of zinc are the factors that favour
tetracoordination.*® It was also shown that, although sulphur-rich
cores are thermodynamically stable, the Zn-L bonds are
kinetically labile due to charge repulsion between the
comparatively larger thiolate ligands.”*’ Further, owing to the
diffuseness of charge on the thiolates and the resulting coulomb
repulsion, it has been inferred that the negatively charged Cys, or
CyssHis ZF cores would not permit the addition of another
ligand.*"#" However, since covalent attachment of Pt to the
thiolates, as described above?*?, would reduce the charge density
on the sulphur atoms the coordination expansion that is observed
in our experiments could be possible. Further, these kinetically
unstable cores are known to be stabilized in proteins by hydrogen
bonding interactions from the backbone N-H or from basic amino
acids such as Lys and Arg.*® These observations lead to the
important question of whether such interactions could allow
dynamic coordination sphere expansion of structural zinc sites
resulting in transient species which may or may not serve a
biological function. Since transient coordination sphere
expansion is implicated in the catalytic mechanism of many zinc
metalloenzymes, an understanding of the factors involved in such
expansion is fundamental for a full description of the role of zinc
biology. Here, we report DFT modelling of Cys,His, and Cys;His
ZF cores, which we have used in our previous experimental
studies, to understand the nature of bonding and stabilizing
interactions that may lead to structural dynamics in the form of
coordination sphere expansion at these sites.
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Methods
Choice of DFT Method

During our preliminary studies, we found that popular density
functionals, such as B3LYP**! and SVWN®2*® that are often
used for geometry optimization of zinc molecular models, were
not suited for our purpose (discussed later). Hence we opted to
benchmark a few select DFT methods against a known
experimental structure (Fig. 2 I1) that closely resembles the
models of our interest. The details of the benchmarking process
and the validation of the chosen method can be found in the
supporting information. Through the process, we chose to use
MPW1PW91 functional and a mixed basis set, mBS5, which
constitutes, 6-311G basis set for C, N, S and Cl atoms with 3df
polarization functions on N and S atoms; d polarization function
on C and CI; p polarization on H; diffuse functions on S and Cl,
which are anionic ligating atoms; the Wachters-Hay all electron
basis set>*® for Zn with 3fg polarization functions and Lanl2DZ
basis set with effective core potential for Pt in all calculations
involving Pt. The computations are performed using Gaussian03
suite of programs.>® The structure of complexes were optimized
at MPW1PW91/mBS5 level. Frequency calculations were
performed in all cases to confirm that the optimized geometry is a
minimum on the potential energy surface. The electronic energy
(E) of complexes reported here includes thermal and zero-point
energy corrections.

Modelling of Structural Zinc Sites

For computational efficiency and simplicity, usually histidine
ligands are modelled as imidazole and cysteine as thiomethane
(Fig. 3). However, such minimal models do not account for the
stabilization arising from interaction between the backbone amide
N-H and S of zinc bound thiolate. These interactions are known
to attenuate the electrophilicity of the participating thiolate and
may help in stabilizing the pentacoordination state, under study.
Therefore, we included an amide bond in the thiolate ligands by
extending the thiomethane ligands to 3-sulfanylpropanamide. The
resulting optimal models would mimic the protein environment
better than continuum solvent models. In cases where there is no
need for such interaction, as will be mentioned, the thiolates were
simply modelled as thiomethane. In some of the models,
stabilizing interactions from Lys were modelled using ammonium
ions.

Fig. 3 Possible levels of reduction for modelling structural zinc sites: (A)
a C,H, type zinc finger site: stabilizing N-H---S are present (B) optimal
model where histidine is modelled as imidazole and cysteine modelled
using 3-sulfanylpropanamide (C) minimal model where the backbone
stabilization is neglected.

This journal is © The Royal Society of Chemistry [year]
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[Zn(Cys),(His).] (lll)
Fig. 4. Optimized structures of Cys,His, and Cys;His ZF models: the M-L bond distances and NBO charges on the metal and the ligating atoms are listed.

Results and Discussion

ZF model systems

2

Geometry of Cys,His, and CyssHis ZF cores

Having chosen an appropriate DFT method for modelling
structural zinc sites, we optimized the geometries of
[Zn(Cys),(His),] (I11) and [Zn(Cys)s(His)]™ (1VV) models (Fig. 4).
The optimized structures resulted in distorted tetrahedral
geometries for both the models. The metal-ligand (M-L) bond
lengths, tabulated in Fig. 4, are very comparable to the average
values obtained from X-ray crystal structure data of zinc
complexes,* which once again validates the DFT method used.
To our knowledge this is the first time such accuracies in bonding
parameters have been reached for modelling ZF cores using DFT
in gas phase. For [Zn(Cys),(His),], the £S-Zn-S measures 121.0°,
the average £S-Zn-N is 108.5 = 2.5° and £N-Zn-N is 99.4°. In
the case of [Zn(Cys);(His)], the average £S-Zn-S is 115.5 + 3.1°,
the average 2£S-Zn-N is 102.4 + 3.9°. The distortion in the
structures, apparent from these angles, is partly due to coulomb
repulsion between ligands, as proposed by an early study.>” The
soft or diffuse anionic thiolate ligands tend to stay as far away as
possible, while, the smaller neutral imidazoles are forced to near
perpendicular conformation with respect to each other while the
£S-Zn-N stays midway. In [Zn(Cys)s(His)]’, the three thiolates
are in a near planar conformation with the imidazole
perpendicular to them. Here, the £S(1)-Zn-N and £S(2)-Zn-N are
around 100° but the £S-Zn-N is 106°. This variation is
presumably due to stabilizing interaction between the hydrogens
of imidazole ring with S(1) and S(2) which is absent for S(3). The
larger £S-Zn-S in this complex is due to van der Waals
interaction between the Cg-H of one of the thiolate ligands to the
S of the neighbouring ligand. Further, as previously observed,*
s an elongation of Zn-L bonds is observed in [Zn(Cys)s;(His)]
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Complex lIl
Bond lengths (A) NBO charges (e)
Zn-N(1) 2.087 Zn 1.55
Zn-N(2) 2.086 N(1) -0.68
Zn-S(1) 2263 N(2) -0.69
Zn-S(2) 2278 S(1) -0.66
S(2) -0.64

Complex IV
Bond lengths (A) NBO charges (e)
Zn-N(1) 2142 Zn 1.51
Zn-S(1) 2.310  N(1) -0.64
Zn-S(2) 2315  S(1) -0.68
Zn-S(3) 2312  S(2) -0.66
S(3) -0.69

[ZnCys,His] (IV)

possibly due to the increased repulsive force arising from the
excess charge on the complex. Further, in both the complexes
stabilization of zinc bound thiolates by the amide N-H can be
seen from the orientation of N-H bond towards the thiolate lone
pair, with an average S---H distance of 2.27 + 0.04 A. Thus
stabilizing secondary sphere interactions and repulsive
interactions should be accounted in order to properly explain the
structure and possibly the dynamics at these sites.

The Electronic structure and bonding of ZF cores

As can be seen from the natural bond orbital (NBO) analysis, all
the ligating atoms have almost similar charge. However, the
charge resides on a more diffuse 3p orbital for S compared to the
compact 2p orbital for N, which accounts for the large repulsive
force produced by the thiolate ligands. The charge transferred
from the ligands to zinc, which correlates to the degree of
covalency, is 0.5 e for both these complexes. Previous theoretical
studies have shown that the M-L bond in zinc complexes are 80%
ionic and 20% covalent in character, which is in agreement with
this result.*” Comparing the two ZF cores there is no big
difference in the charge transfer to Zn. Along with the fact that
elongation of Zn-L bond lengths would reduce the overlap and
hence the charge transfer, it can be said that the observed small
variation of charge on Zn is due to change in overall charge of the
system rather than due to preferential charge acceptance from S
ligands.*” Further, from natural population analysis (NPA, Table
S1) it is found that almost all of the charge accepted by Zn
resides in its 4s orbital. Thus, the predominant ionic character
along with the spherical nature of the 4s orbital, which is
involved in the most favourable covalent interaction, allows zinc
to adapt a flexible coordination sphere unlike the other transition
metals where metal d orbitals participate in bonding, dictating the
geometry. Although zinc would not enforce any directionality, in
order to maximize electrostatic attractions, the ligand p orbitals
need to be oriented properly. Given the large ionic contribution to

This journal is © The Royal Society of Chemistry [year]
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bonding, the best model to describe bonding in biological
tetracoordinate zinc complexes is given by Picot et al.*’ In this
model, the electronic structure of the complexes is represented by
four resonance structures each showing one bond pair, between

s Zn and one of the ligands, and three ionic bonds between Zn and
the other ligands.

Interaction of [Pt(dien)]** with ZF cores

Next, we determined the effect of covalent binding of a Pt

[Zn('l?!.'#)(His)z(u-Cvs)F’l(dien)]2+ v)
E = -3967.255 hartree

[Zn(His),(p-Cys),Pt(dien)]** (VII)
E = -3967.272 hartree

electrophile, [Pt(dien)]**, on the thiolates of ZF cores under
10 investigation. For this purpose, we optimized the structures of
monothiolate and dithiolate bridged Zn-Pt binuclear complexes
where zinc is still tetracoordinate. In the dithiolate bridged
complexes the second S was bound to Pt in place of a terminal
amino group of the dien ligand. The structures, M-L bond lengths
15 and NBO charges on the metals and ligating atoms are shown in

Complex V
Bond lengths (A)  NBO charges (e)
Zn-N(1) 2019 Zn 1.59
Zn-N(2)  2.037  N(1) -0.75
Zn-S(1) 2423 N(2) -0.72
Zn-S(2) 2267 S(1) -0.36
Pt-S(1) 2317 S(2) -0.64
Pt 0.63
Complex VI
Bond lengths (A)  NBO charges (e)
Zn-N(1) 2034 Zn 1.52
Zn-S(1)  2.443  N(1) -0.71
Zn-S(2) 2294 S(1) -0.40
Zn-S(3) 2296 S(2) -0.65
Pt-S(1) 2318 S(3) -0.66
Pt 0.63
[Zn(Cys),(His)(p-Cys)Pt(dien)]* (VI)
E =-4387.932 hartree
Complex VII
Bond lengths (A)  NBO charges (e)
Zn-N(1)  2.009 Zn 1.59
Zn-N(2)  2.014  N(1) -0.74
Zn-S(1) 2341 N(2) -0.74
Zn-S(2) 2353 S(1) -0.37
Pt-S(1) 2320 S(2) -0.39
Pt-S(2) 2.343 Pt 0.48
2 Complex VIl
5(2) S(3) Bond lengths (A)  NBO charges (e)

Zn-N(1) 2.022 Zn 1.51
Zn-S(1) 2426  N(1) 0.72
Zn-S(2) 2423  S(1) -0.31
Zn-S(3) 2234 S(2) -0.38
Pt-S(1)  2.2908 S(3) -0.62
Pt-S(2) 2312 Pt 0.46

[Zn(Cys)(His){p-Cys),Pt(dien)]* (VIII)
E =-4387.926 hartree

Fig. 5. Optimized structures of monothiolate and dithiolate bridged Zn-Pt binuclear tetracoordinate Zn complexes of Cys,His, and CyssHis ZF cores. The
M-L bond distances and NBO charges on the metals and the ligating atoms are also listed.

Fig. 5. All of these structures were found to be minima with intact
20 mono or dithiolate Pt-(SR),-Zn bridges. In all complexes the Pt
centre is square planar, as expected, with 2L-Pt-L angles around
90°. The small deviations observed in these angles are mostly
due to steric interactions. In the monothiolate bridged Cys,His,
complex, V (Fig. 5), the £S-Zn-S measures 111.2°, the average
55 £S-Zn-N is 110.5 + 2.1° and £N-Zn-N is 103.5° In the case of
dithiolate bridged complex of the same core, VII (Fig. 5), the £S-
Zn-S is 88.6°, the average £S-Zn-N is 115.4 + 8.6° and «N-Zn-N
is 106.5°. Similar trends were observed for the complexes of
CyssHis core. Here, for the monothiolate bridged, V1 (Fig. 5), the
x average £S-Zn-S measures 108.6 + 4.7°, the average £S-Zn-N is
109.8 + 6.8°. And, for the dithiolate bridged VIII (Fig. 5), the
2£5(1)-Zn-S(2), involving both the bridging thiolates measures

83.4° and the average of other £S-Zn-S is 110.6 + 4.8° the
average £S-Zn-N is 114.5 + 13.5°. These values, when compared
35 t0 the cores by themselves, reveal relaxation of £S-Zn-N and £N-
Zn-N with a reduction in £S-Zn-S, which is obviously due to
reduction of charge on the Pt bound S atom. The Zn-S bonds to
the bridging thiolates are elongated but are well within the range
observed in proteins,® while the Zn-S bonds of non-bridging
« thiolates shorten a little. A shortening of Zn-N bonds is also
observed. All of these changes arise due to lower charge
repulsion between the ligands as a result of stabilization from the
Pt centre. In addition, the non-bridging thiolates could now be
stabilized by the N-H group of the dien ligand. This is more
45 effective than the stabilization arsing from amide N-H. This
interaction is reminiscent of Lys-thiolate interaction in zinc finger

This journal is © The Royal Society of Chemistry [year]
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proteins, which is common. The observed larger deviations in the
bond angles of these systems are due to these stabilizing
interactions or sometimes due to steric avoidance of the C-H
groups.

s There is a small increase in the positive charge on Zn for the
Cys,His, core. This once again may just reflect the increase in
overall charge of the complex than the charge transfer capacity of
the ligands. Compared to S of the non-bridging thiolates, there is
an approximate 0.3 e transferred to Pt by the S on the bridging

{[ZnCl(Cys)(His),][Pt{Cys)(dien)]}* (IX)
E =-4011.831 hartree

[ZnCI(His),(u-Cys),Pt(dien)]* (XI)
E = -4011.819 hartree

10 thiolates. By comparing the charge on Pt from the monothiolate
and dithiolate bridged analogues, it is clear that the amount of
charge transfer to Pt depends on the number of thiolate ligands.
This indicates stronger covalent character of Pt-S bonds, which
leads to a large reduction of charge on thiolates. The Pt-S bonds

15 are of normal lengths as observed in crystal structures,?® which
indicates a strong bonding between Pt and S. From NPA it can be
seen that most of the charge transferred is from the S 3p orbital.
The reduction of 0.3 e from the S 3p orbitals helps reduce the

Complex IX
Bond lengths (A)  NBO charges (e)
Zn-Cl 2332 Zn 1.6
Zn-N(1) 2.011 Cl -0.85
Zn-N(2) 2036  N(1) -0.71
Zn-S(2) 2260 N(2) -0.70
Pt-S(1) 2285 S(1) -0.28
3(2) -0.66
Pt 0.58
Complex X
Bond lengths (A)  NBO charges (e)
Zn-Cl 2389 Zn 1.54
Zn-N(1) 2.047 CI -0.84
Zn-8(2) 2333 N(1) -0.68
Zn-S(3) 2272 S(1) -0.29
Pt-S(1) 2295  §(2) -0.70
S(3) -0.67
' Pt 0.59
{[ZnCI(Cys);(His)1[Pt(Cys)(dien)]} (X)
E = -4431.913 hartree
Complex XI
Bond lengths (A)  NBO charges (e)
Zn-Cl 2277 ZIn 1.59
Zn-N(1) 2101 Cl -0.84
Zn-N(2)  2.092  N(1) -0.68
Zn-S(1) 2498 N(2) -0.68
Zn-S(2) 2552  S(1) -0.24
Pt-S(1) 2.287 S(2) -0.32
Pt-S(2) 2296 Pt 044
Complex Xl
Bond lengths (A)  NBO charges ()
Zn-Cl 2365 Zn 1.54
Zn-N(1) 2056 CI -0.83
Zn-5(2) 2372 N(1) -0.69
Zn-S(3) 2245  S(1) -0.26
Pt-S(1) 2303 S(2) -0.34
Pt-S(2) 2284 S(3) -0.66
Pt 0.42

[ZnCl(Cys)(His)(u-Cys)Pt(Cys)(dien)] (XIl)
E = -4431.919 hartree

20 Fig. 6. Resultant optimized structures of initial monothiolate and dithiolate bridged Zn-Pt binuclear pentacoordinate Zn complexes of Cys,His, and
CyssHis ZF cores with CI™ as the fifth ligand to Zn. The M-L bond distances and NBO charges on the metals and the ligating atoms are also tabulated.

diffuseness of the sulphide ion to an extent that in the dithiolate
bridged Cys;His complex (VII1) the £S-Zn-S measures as small
as 83°, which is a huge reduction compared to the average 115°

s measured in the core by itself. Thus it can be inferred that
effective van der Waals radius of sulphide ligands depend on the
nature of stabilizing interactions around them. Additionally, the
lack of directionality in Zn-L bonds is once again visible in these
complexes. Thus the geometry of the complex is not merely

3 dependent on the metal and its ligands but also the secondary
coordination sphere interactions. Hence in ZF cores, a strongly
stabilizing interaction such as Lys-thiolate, may just not only
contribute towards the thermodynamic stability of the core but
may dictate its geometry.

35 Therefore it seems that providing enough stabilizing interaction

to reduce the charge repulsion between the anionic ligands may
be the key towards modelling coordination sphere expansion in
ZF cores. In these structures the amide moieties do not serve the
purpose of stabilization since better stabilization is provided by

40 the Pt or amine groups. Hence they will be used in the models
below only when required. Further, because the geometry around
Pt varies little in most of the calculations and the bonding around
Zn is the focus of this paper, we will discuss only the geometry
and bonding around Zn hereafter.

45 Modelling Coordination Sphere Expansion of ZF cores

In order to test the possibility of Zn undergoing coordination
sphere expansion, we constructed models by adding CI™ as the
fifth ligand to Zn in each of the above complexes V-VIII, as

This journal is © The Royal Society of Chemistry [year]
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implicated by our previous studies.?*?® At first, models with the
initial geometries in square pyramidal conformation, with
chloride at the apex and all other ligands at the base, were
constructed. In the case of Cys,His, models, the thiolates were
modelled simply as thiomethane while for CyssHis models, two
of the thiolates were modelled as thiomethane and the other one
as 3-sulfanylpropanamide. Geometry optimization of these
models in gas phase predicted only the dithiolate bridged
Cys,His, complex, X1 (Fig. 6), to be a minimum with zinc in the
desired pentacoordinate conformation. Here, Zn*" is slightly out
of the plane formed by the imidazoles and thiolates as can be seen
from the average «Cl-Zn-L of 103.1 + 3.4°. The £S-Zn-S
measures 77.2°, the average £S-Zn-N is 89.8 + 0.6° and «£N-Zn-
N is 91.8°. The M-L bond lengths and NBO charges on the metals
and ligating atoms are listed in Fig. 6. The Zn-Cl bond length is
close to the average experimental value (Table S6) and the Zn-N
bond length is slightly longer than those observed in the original
Cys,His, core (I1l) and the tetracoordinate dithiolate bridged
analogue (VIII) discussed above. The Zn-S bond lengths are at
20 the upper limit of those observed in protein crystal structures.
The slightly longer Zn-S(2) bond length is due to steric repulsion
between the methyl group of the thiolate and the CI™ ligand.
Compared to its tetracoordinate analogue, the charge on zinc did
not change upon addition of the CI ligand, which indicates little
25 charge transfer between them. Additionally, being monovalent,
CI" retains most of its charge density. The charge on both the S
atoms is effectively reduced due to covalent bonding with Pt.
Now, CI" being the only larger ion with higher charge density, it
seems that the repulsion between the ligands have been
30 minimized enough through these stabilizing interactions. Thus the
complex may exist in this conformation under favourable
conditions.

3}

=
15}

-
@

{NH,[ZnCI(Cys)(His)(u-Cys),Pt(dien)]}* (XIll)

Bond lengths (A) NBO charges (e)

Zn-Cl 2.425 zn 1.51
Zn-N(1) 2169 ClI -0.80
Zn-S(1) 2669 N(1)  -0.67
Zn-5(2) 2415 S(1)  -0.27
Zn-S(3) 2316 S(2) -0.31
Pt-S(1) 2286 S(3)  -0.60
Pt-S(2) 2.294 Pt 0.45

Fig. 7. Optimized structures of dithiolate bridged Zn-Pt binuclear

35 pentacoordinate Zn complexes of CyssHis ZF cores. The M-L bond
distances and NBO charges on the metals and the ligating atoms are also
tabulated.

During the optimization, the structures of the initially
monothiolate bridged complexes of Cys,His, and Cyss;His ZF
a0 cores dissociated to form association complexes, 1X and X (Fig.
6). Each of these comprised a square planar [Pt(dien)(Cys)] and a
tetrahedral [ZnCI(Cys)(His),] or [ZnCI(Cys),(His)] moiety. The
complexes are held together by hydrogen bonding and van der
Waals interactions. As far as structure of the initially dithiolate
45 bridged pentacoordinate CyszHis complex, one of the bridging
thiolates dissociated from Zn completely leading to a
monothiolate bridged complex, XII (Fig. 6). In these three latter
complexes, the Zn-Cl bonds are a bit longer than in those
observed experimentally (Table S6). The Zn-S bond lengths fall
so within normal range and a little longer for the Cyss;His core due
to the higher charge on the cluster. The Cl and S(2) are involved
in hydrogen bonding with the amine from the dien and this
explains the observed elongation in their bond lengths to Zn. The
¢2L-Zn-L of S and Cl are governed by stabilizing hydrogen
ss bonding interactions and coulomb repulsions while for N, it is
majorly dictated by van der Waals attraction between Cs,,-H of
imidazole and S, CI or backbone amide. The instability of these
complexes is obviously due to charge repulsion from CI” and non-
bridging thiolates. In order to minimize these repulsions we tried
modelling trigonal bipyramidal conformations of these unstable
species, where we placed the CI” and non-bridging thiolates in the
trigonal plane in order to minimize the repulsions. We also tried
protonating the non-bridging thiolates hoping to reduce the
charge repulsion. But these attempts were not fruitful. Finally we
considered to introduce more charge stabilization by including
ammonium ions, which would mimic the stabilizing effect from
Lys groups which are prevalent around the Zn core of ZF
proteins. Now, we were able to locate a minimum energy
conformer of the dithiolate bridged Cys;His core with zinc in
70 trigonal bipyramidal geometry, X111 (Fig. 7).

The structure of X111 has the imidazole and one of the bridging
thiolates in the axial positions and the other three ligands forming
the trigonal plane. An ammonium molecule interacts with the CI’
and the non-bridging thiolate. The average £N-Zn-L (L = ligands

»in trigonal plane) is 90.7 + 1.1° which is perfect for the
geometry. However, the angle between S(1), the other axial
ligating atom, and the planar ligands varies a lot due to an
elongated Zn-S(1) bond; the £S(1)-Zn-S(2) is 75.1°, £S(1)-Zn-
S(3) is 100.1° and £S(1)-Zn-Cl is 92.3°. The £5(2)-Zn-S(3) being

o 133.6° is the largest and is so due to steric repulsion from the
methyl group on S(2) rather than charge repulsion between the S
atoms. The 2CI-Zn-S(3) is 114.3° and 2Cl-Zn-S(2) is 112.0°. The
2Cl-Zn-S(3) is dictated by the stabilizing hydrogen bonding
interaction from the ammonium ion. Two of the hydrogens from

s the ammonium ion are involved in hydrogen bonding (2.0 A)
with Cl and S(2) each. The Zn-Cl and Zn-N bond distances are
longer than in any of the other structures reported here. The
closest geometry for comparison of imidazole environment is in
the native CyssHis model (1V), where the thiolates are in a near

90 planar conformation due to repulsion among themselves, which
leads to elongation of the Zn-N bond length. Thus it can be
assumed that the elongation in bond lengths seen here is due to
repulsive interactions between the ligands. The Zn-S(2) bond
length is too long but such bond lengths are observed in protein

s crystal structures, although not common.* The geometry of the

6

S

6

@
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trigonal planar ligands and the orientation of S(2) towards Zn

suggests that a favourable interaction exists between them. An

overall positive charge on the complex may be essential to

stabilize the negative core, which is accomplished here by the
5 addition of NH,".

Nature of the Pentacoordinate Species

These gas phase geometry optimizations support the possibility of
ZF cores undergoing coordination sphere expansion under

[2n(Cys),* (XIV)

stabilizing conditions. The vibrational frequency analyses of all
10 the structures reported above prove that these correspond to
minima on the potential energy surface. However as suggested in
an appeal by Hoffmann et al.,* these species could be described
as ‘fleeting’. Energy comparison between the tetracoordinate and
pentacoordinate states was possible in the case of Cys,His, and
15 the tetracoordinate species is roughly 9 kcal mol* more stable.

Complex XIV
Bond lengths (A) NBO charges (e)
Zn-S(1) 2357 Zn 147
Zn-S(2) 2.368 S(1) -0.67
Zn-S(3) 2.361  S(2) -0.66
Zn-S(4) 2.367 S(3) -0.67
S(4) -0.67
Complex XV

Bond lengths (A) NBO charges (e)
Zn-S(1) 2410 Zn 1.46

Zn-S(2) 2308  §(1) -0.68
Zn-S(3) 2431 5(2) -0.66
Zn-S(4) 2352  S(3) -0.64

S(4) -0.64

{NH,[ZnCys,]} (XV)

Fig. 8. Optimized structures of Cys, ZF models: [Zn(Cys)s]*> and the same in association with an ammonium ion, modelled to mimic salt bridge
interaction of Lys residue. The M-L bond distances and NBO charges on the metals and the ligating atoms are also tabulated.

Thus clearly the pentacoordinate state is a local minimum on the
20 potential energy surface. Further, low vibrational frequencies,
around 75 cm?, that correspond to bond stretch of Zn-S bonds
were observed, suggesting thermal instability. The effect of
solvation would be an important factor that would govern the
lifetime of these species. Our attempts to include solvent effect
25 during optimization of these models were mostly unsuccessful
due to convergence issues arising due to the rather shallow
potential energy surface. However, the optimization of dithiolate
bridged pentacoordinate Cys,His, (XI), with solvent effect
included by using the IEFPCM model and water as solvent was
30 successful. In this structure, overall the Zn-S and Zn-N bonds
were shorter by 0.02 A while Zn-Cl bond elongated by 0.12 A,
compared to gas phase structure, which indicates stabilization in
solution. The two pentacoordinate Zn cores, the structures of
which are predicted to be feasible, are both dithiolate bridged and
35 hold a net positive charge. Although the monothiolate species are
predicted to be unstable, they may exist briefly as intermediates
towards the dithiolate ones, as shown in one of our studies.? It is
noteworthy that the net positive charge on these species, which
may be required for their “stability’, is favoured during ESI-MS
40 experiments in which these species were detected. Further, the C-
terminal NCp7 ZF, used as a model in these studies, by itself
carries a single positive charge in its holoform at neutral pH (with
cysteines taken as thiolates). Thus the experimental conditions
and the model system under study were both conducive to
45 coordination sphere expansion at the Zn core.

The Effect of Salt Bridges on the Structure of ZF core
Evidently, salt bridges formed by Lys or Arg with zinc bound

thiolates could be a major contributor to the structural features of
ZF cores. In order to access the structural consequences of a salt
so bridge, we modelled such an interaction in a Cys, ZF core. The
salt bridge was modelled using an ammonium ion in association
with the sulfhydryl group, to mimic the interaction with a Lys
residue. The optimized structures of the Cys, ZF cores by itself,
[Zn(Cys))* (XIV), and the one in association with an
ss ammonium ion, {NH,[Zn(Cys).]'} (XV), along with M-L bond
lengths and NBO charges of Zn and S atoms are shown in Fig. 8.
The average £S-Zn-S is 109.5 + 2.0°. The asymmetry in this core,
seen from the standard deviation, is due to steric hindrance, since
simpler models with just thiomethane yield highly symmetrical
0 geometry (data not shown). The Zn-S bonds are longer compared
to the other two ZF cores while the charge on Zn and S are
comparable. Perturbation of this system by adding an ammonium
ion yielded a structure, XV, in which the ammonium is in
association with two of the sulphur atoms, S(1) and S(3). Due to
e this interaction, the £S(1)-Zn-S(3) is compressed to 105.4°,
while £5(2)-Zn-S(4) relaxes to 113.5°. The average of the other
£S5-Zn-S is 109.4 + 0.8°, which is closer to the ideal tetrahedral
angle. The Zn-S bond for the S in association with NH," is
elongated while the other Zn-S are shorter, compared to the
70 original core. There is little charge difference on Zn and S
compared to the original core, implying highly ionic interactions.
Thus it is proven that salt bridge type interactions, in addition to
stabilizing the unstable ZF core, significantly influence the
structure of such cores.

75 Significance and Implications
Choice of DFT Method for Structural Zinc Models

This journal is © The Royal Society of Chemistry [year]
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Our evaluation of DFT methods for Zn molecular systems (see
supporting information) clearly indicated the importance of
properly accounting for electron correlation, as indicated
previously.®® The PW91 and PBE correlation functionals

s performed better compared to the LYP functional. Thus the most
commonly used B3LYP functional may not be the best choice for
Zn molecular systems. At least for the systems investigated in
this paper, due to their fragile nature, B3LYP was a poor choice

A B .

SSp ~o®

W e L/

L

as it produced longer Zn-L bond lengths leading to fragmentation

10 easily. Another common DFT method for Zn systems found in

the literature is the LSDA functional, SVWN. Our tests (not
reported) showed that this functional reproduces experimental
parameters remarkably well. However, use of it for (Zn, Pt)
binuclear complexes revealed a tendency to overestimate Zn-Pt

1s interaction which often resulted in distances close to bonding

between the metals, which obviously is an artefact. Additionally
C L

"Lz,/\ s \"mnL JQ
H—

\><®""

& \”"”L
Lés S /e \AL

Fig. 9. Factors affecting coordination geometry of zinc in protein environment. The hybridization schemes shown in A are derived from natural electron

configuration obtained through NPA (Table S1).

20 LSDA is known to overbind and therefore is not advisable for
energy calculations.*° Variation of the exchange functional
produced little effect. Hence from our test we recommend the use
of PW91 or PBE correlations functionals which have been shown
to reproduce both geometric and energy values to a reasonable

25 accuracy.® % Further, the geometric parameters were highly
sensitive to changes in basis functions, especially diffuse and
polarization functions. However, global addition of these
functions on all atoms was not the best method. Instead, the best
result for structural zinc models were produced when diffuse

a0 functions were used just on anionic ligating atoms (S and Cl) and

higher order polarization on all ligating atoms and Zn. Combining
this with a previous result that diffuse functions are essential on

O to model zinc bound carboxylate,64 the method can be

generalized and expanded to model all protein zinc sites.

Although triple- quality basis sets were used on all atoms for our

applications, it may not be essential as even double-C quality

basis sets gave reasonable results.

&

The Essentials to Unravel the Dynamics at Biological Zinc Sites

The dynamics at biological zinc sites is a topic of current focus.
a0 Several studies have used modern methods to elucidate the
dynamic changes in both catalytic and structural sites.
Concurrently, interesting findings in biology point towards a
dynamic role of zinc, which have previously been unrecognised.
In order to explore these new paradigms, experimental and
computational methods are required to augment each other. For
instance, transient coordination sphere expansions have been
predicted by XAS, XAFS and MD studies®*®" and confirmed by
X-ray crystal strucutres.®® In another case, QM methods have
been proposed to refine medium and low resolution X-ray crystal
so structures.%® However, QM methods are both computationally and

o

S

1=}

a

temporally expensive. But due to lack of parameters for zinc
sites, dynamic changes such as coordination sphere expansion
needs to be addressed using QM methods. Therefore simpler
force field models are being constantly developed to parameterize
zinc environment in proteins. As our understanding about the
nature of bonding of zinc and its ligands improves, better force
fields can be created. For example, recent improvements of
including charge transfer and polarization effects have been
promising.’*™

The following finding from this study about the nature of bonding
in zinc would be helpful for modelling zinc environment in
proteins (Fig. 9): Firstly, Zn-L bonds are majorly ionic and in
addition, the covalent character is contributed by its 4s orbital.
This signifies that the geometry and the coordination number on
zinc would be dictated by the ligands and protein environment.
Further, this clearly accounts for lack directionality and flexibility
of bonding in zinc. Since the 3d orbital in Zn?* is completely
filled, it does not contribute towards bonding and the 4p orbital is
too high in energy compared to the occupied orbitals of the
ligands for any appreciable overlap. This trend is supported by an
X-ray emission spectroscopy study of zinc sulphide.” Hence
textbook based concepts such as 18 electron rule or 3d4s and
4s4p hybridization, which can be found in the literature today
needs to be reconsidered.*?™ Secondly, the ligand geometries
are oriented in such a way to maximize coulomb attraction. Since
the common biological ligands are multivalent and may be
simply considered to feature hybridized orbitals, an orientation
where their lone pairs are directed towards zinc would result in
the best coulomb attraction and therefore favoured. This is a

g0 factor that affects the binding preference of zinc, as seen in the

case of the recently predicted inhibitory binding sites in caspase-

This journal is © The Royal Society of Chemistry [year]
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3% In this case, Zn** was shown to preferentially bind to a
histidine and a methionine rather than to the histidine and a
cysteine, due to lack of flexibility in the cysteine residue.
Therefore, directionality of ligands should be accounted for in
order to get reasonable results. Thirdly, as evident from these
calculations, since zinc can accepts just around 0.5 electrons,
coulomb repulsion becomes increasingly dominant with the
number of negatively charged ligands. Thus it is equally
important to define the charges on the ligating atoms precisely as
it is for zinc. It should be noted that because our model systems
are larger and mimics protein environment better than those
previously reported, the variation in charge density on zinc and
ligands is lesser. Hence results from minimal models should be
treated with care. Fourthly, the geometry of the primary
coordination sphere can be altered by steric and stabilizing
electrostatic interactions in the secondary coordination sphere to a
large extent. Hence it is important to account for these factors in
order to properly describe geometry of the zinc site at a given
time.

Pharmacological and Biological Implications
The predicted pentacoordinate species are evidently made
possible by charge reduction on thiolates as a result of
coordination to Pt. This presents a strategy to facilitate zinc
chelation from protected ZF cores®” by increasing their
susceptibility to accept another ligand. Further, characterization
of these adducts is significant in a pharmacological sense because
it helps understand the modes of interaction of Pt drugs with
proteins and DNA. Given the possibility of coordination sphere
expansion of zinc in these adducts, dynamic conversion of
structural zinc into a transient catalytic centre may be a
mechanism for nucleic acid cleavage. Although no such specific
conversion has been reported, the hydrolytic activity of a mutant
ZF with one Cys and three His is known.”™

In addition to the primary covalent interaction between the
zinc bound thiolates and Pt, the amines of the dien ligand
stabilize the non-bridged thiolates and chloride ligands. Although
these are electrostatic in nature, there is directionality arising due
to the lone pairs on these ligands as discussed above. Given the
flexible nature of zinc itself, these interactions are found to define
the geometry of the ligands involved, which is apparent from the
bond angles. This raises an important question whether such
stabilizing interactions, even if transient would affect the
geometry of zinc sites. Secondary coordination sphere
interactions are known to be important to stabilize ZF cores and
in assisting catalysis. However, their contribution to dynamics
remains to be explored. Our calculations suggest that stronger
interactions such as from lysine or arginine may significantly
influence the geometry at zinc sites. Hence ZF cores may be more
dynamic than conceived so far.

Conclusions

Here, by using appropriate ZF models and an accurate DFT
method, we have shown that the factors influencing the geometry
and the dynamics at zinc finger sites are the directionality of the
ligand, electronic charges on zinc and the ligating atoms, steric
and stabilizing interactions from the secondary coordination
sphere. Bonding between zinc and its ligands is prominently

6

S

65

7

IS}

7

a

80

85

90

95

100

105

110

115

ionic with a smaller covalent contribution involving the 4s orbital
of zinc. Across the various ZF cores, the observed larger £S-Zn-
L and elongation of Zn-L distance with increasing number of
thiolate ligands can be correlated to the greater Coulomb
repulsion arising from the diffuse anionic sulphur atoms.
Interaction of [Pt(dien)]** with the zinc bound sulphur atoms
effectively reduces the charge density on them, allowing smaller
bond angles and hence room for an extra ligand. However, as
inferred from the predicted instability of monothiolate bridged
pentacoordinate complexes, all of the thiolates need to be
sufficiently stabilized in order for coordination sphere expansion.
Thus, as predicted, the dithiolate bridged pentacoordinate
complexes may exist. The arrangement of the diffuse anionic
ligands around zinc in a fashion to minimize repulsion is critical.
Further, the overall charge of the molecule and other stabilizing
secondary coordination sphere interactions may play a role in
stabilizing the pentacoordinate species. Through this study a
comprehensive model to explain and predict bonding in zinc
complexes has been developed.
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