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Abstract: The chemical stability of 207 zinc fingers, derived from 92 experimental protein structures, is evaluated
according to the protein packing and electrostatic screening of their zinc cores. These properties are used as
measures of the protein protection of zinc cores, to predictively rank relative zinc finger reactivities and assess
differences in function. On average, there is a substantial and concomitant increase in the screening of
increasingly anionic core motifs, suggesting zinc fingers have evolved in a manner that promotes shielding of
their potentially reactive core thiolates. In contramtzymaticzinc cores are functionally differentiated by
negative electrostatic screening. Zinc finger cores are predominantly screened by networks of backbone:core
NH—S hydrogen bonds that electronically stabilize core thiolates and enhance backbone packing. Stabilizing
protein:core interactions can be mapped to conserved residues, including [Arg,Lys]:core salt-bridges in some
protein families. Labile zinc fingers are identified by poorly screened cores, possibly indicating redox or
metallothionein (MT) regulated function. Consistent with experiment, the cores of the C-terminal finger of the
human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein p7 (NCp7)Esutherichia coliAda

protein (Ada) “finger” are identified as reactive. The C-terminal zinc fingers of nuclear receptors are predicted
to be the most labile in this study, particularly the human estrogen receptor (hER), which contains a triad of
reactive thiolates. We propose that hER DNA binding is redox and MT regulated through the C-terminal
finger and thawveakelectrophilic agents may inhibit hER-mediated transcription, implicated in breast cancer
progression.

Introduction target-binding specificity:>¢ Zinc fingers often occur in tandem
Zinc fingers are small metal-binding peptide units that 2S DN_A—l_:)lndlng arrays, particularly in _Cyﬂls?-contal_nlng
transcription factors (TFs), where multiple fingers interact

function in gene regulation by promoting specific protein X \ il -
nucleic acid binding and recognitidiin some cases mediating ~ Seduentially with the majéf-°and minof groves of DNA. The
modular properties of zinc fingers, combined with the amino

protein—protein interactions as wellAll zinc fingers contain - M. ; ! _
a coré of cysteine and histidine residues, tetrahedrally coordi- &cid variability of{Xi}, are well suited for the combinatorial
nated to ZA", which anchors the peptide loops linked to these deve_lc_)p_ment of zinc finger QESIgns that confer high DNA
chelated residues. This design yields autonomous folding motifs, SPecificity>>¢ These properties may also account for the
Xi—Q—X;—Q—X— Q—X|—Q—X, whereQ are Zi#* ligands abundance of encoded zinc flngers, est.|m_ated to be 1% Qf the
(Q = Cys, His) and X;} are peptide segments of lengtThese human genom@At Ie_rast 10 func_tl_onally dl_stlnct cla_sses of zinc
protein domains are highly conserved, particularly thé+*Zn fingers are categorized that utilize a variety of different cores
~coordination motif of the core, Cylis;* and the core’s residue ~ and peptide loop topologiés.
sequence. The zinc finger cores are crucial to the stability and In contrast to a variety ofnzymaticzinc cores, where 2\
arrangement of local protein secondary structure, with numerouschemically functions as a Lewis acid in cataly$is'? zinc finger
experiments demonstrating thatZrcoordination is necessary ~ cores are usually regardedsiricturalelements within proteins.
for protein function. Conserved residues in lodps} also However, zinc finger cores can be chemically active since their
contribute to the stability of the zinc finger fold, as well as nucleophilic Cys thiolates are potentially vulnerable to oxidation,
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His 13161823 and Cyg cores!32427 Increasing evidence sug-  specifically targeted, these results illustrate that the reactivity
gests that some zinc fingers are predisposed to oxidation,of zinc fingers is varied, suprisingly, even for similar zinc finger

possibly as a means of redox or metallothionein (MT) regulation motifs.

of their function, while others are relatively inert, having fixed ~ Both the chemical composition of a zinc finger core and its
structural functiond#15.17.28.29loreover, the primary function local protein environment are evident determinants of reactiv-
of some zinc finger-like cores actually involves specific delivery ity.***}Cys; cores are expected to be the most nucleophilic, if
of key thiolates for reaction with substrate. Examples include On€ assumes a net anionic charge), followed by CysHis

the Escherichia coliAda protein, where repair of methylated ~(~1). and then neutral Cysis; (0). Kinetic studies of model -

DNA is accomplished by specific methyl transfer from phos- ZInc finger cores, composed of mixed complexes of phenyithi-
photriester to Cy& of a Cys core® and more recently ifE. olate (PhS) and 1-metheylimidazole (Melm), show that the

: ; o
coli methionine synthase, where homocysteine is part of @ Cys rj\tezofpn;]eth),/\}latllon iio;s;n fgﬁt fOIIl;)V\: the trer:der(P?SA f
core that is catalytically methylated to methionftdn these [2n( 3.3( elm)] [ n(Ph9,(Melm),], an reactivity o
e . the tetrathiolate center is nearly equal to free thiotatk.is
cases, the Cysore is utilized as a reactive construct, represent- . L S ; ;
ing a nucleophilic counterpart to enzymatic (electrophilic) zinc likely that the reactivity of zinc finger cores is systematically
g P P y P higher than these model cores, since alkylthiolates (Case

cores. Itis mterestlng_to specula_te if these reactlon_ n_1echan_|smsStronger nucleophiles. However, “bare” cores are not found in
evolved from early zinc finger-like proteins containing labile

nature. Thus, the reactivity of a given core must be evaluated

cores. on an individual basis, in the context of its surrounding protein

The reactivity of zinc finger cores has been exploited in the environment. Within proteins, amide backbone:core N&H
pursuit of alternative retroviral therapies. A variety of electro- hydrogen bonds are often observed to electronically stabilize
philic agents cause HIV-1 inhibition by chemical modification core thiolates, even in the case of neutral £E}s, cores3*36
of thiolates in the NCp7 Cyblis cores!®18.19.23]n the context This network of NH-S bonds is also important for determining
of density-functional theory (DFT), the reactivity of these cores the local protein fold, as well as its overall stabilf3’
has been correlated with the “electrophilic power” of inhibi- Positively charged Arg and Lys side chains can also form ionic
tors%32 and indicates that CyHlis cores are particularly pairs with anionic core® similar to salt-bridges. Notably, the
vulnerable to soft electrophil@8.Although each of the two  Cys protonation state of zinc cores, under physiological condi-
conserved NCp7 zinc fingers share the same retroviral zinc tiOﬂS, remains unresolved. A|th0Ugh the above results, including
finger motif, the core of the C-terminal finger is substantially high-resolution X-ray crystallograpHitand EXAFS measure-
more reactive than the N-terminal fingér23 with experimeri:-22 mentd®41of Zn—S bond distances, which are very sensitive to

and theoriP indicating that Cy® is the most labile site of NCp7. the Cys protonation staf@,are consistent with unprotonated

Additional experiments demonstrate that some agents selectivelycy&l and CysHis cores, recent mass spectrometric measure-

react with the NCp7 zinc fingers, without affecting other cellular tmhents indicate prﬁtonated (;I“gaalnd CysHis cores, such that
zinc finger proteins, containing Cyidis,, CysHis, and Cys ?r??h(i:srs?usjdarfhz arroq[zrr:?::ree.nin of zinc cores is utilized as
cores!3 Although it remains unclear if HIV-1 NCp7 can be . y prot 9 = S

a rationale for evaluating the chemical stability of zinc fingers

(14) Wu, X.; Bishopric, N.; Discher, D.; Murphy, B.; Webster, Mol. and related zinc protein constructs. Given that cores with the
Cell. Biol. 1996 16, 1035-1046. same ZA*-coordination motif are chemically equivalent, their

(15) Xiaohua, C.; Chu, M.; Giedroc, Riochemistryl999 38, 12915~ differential reactivities must be modulated by variation in the
12?122)' Roehm, P. C.. Berg, J. M. Am. Chem. Sod.99§ 120, 13083- surr_ounding protein. _We postulate thgttuctural zinc finge_r
13087. motifs have evolved in a manner that has promoted steric and

(17) Zeng, J.; Vallee, B. L.; Kagi, Proc. Natl. Acad. Sci. U.S.A991 electronic shielding of their potentially reactive core thiolates,

88'(33)8;3383\} G.; Schaeffer C.; Harten, B.: Villnger, F.; South, . particularly in the case of anionic cores. Therefore, zinc fingers

Summers, M.; Henderson, L.; Bess, J.; Arthur, L.; McDougal, J.; Orloff, that utilize increasingly anionic (reactive) core motifs may
S.; Mendeleyev, J.; Kun, BNature 1993 361, 473-475. exhibit a concomitant increase in the protein screening of their

(19) Turpin, J. A.; Song, Y.; Inman, J.; Huang, M.; Wallqvist, A, cores, which can be viewed as a consequence of the preservation
Maynard, A.; Covell, D.; Rice, W.; Appella, B.. Med. Chem1999 42,

67-86. of electroneutrality. In contrast, anionic cores lacking protein
(20) Maynard, A. T.; Huang, M.; Rice, W. G.; Covell, D. 8roc. Natl. screening may signify zinc fingers particularly vulnerable to
Acad. Sci. U.S.A1998 95, 11578-11583. oxidation, possibly because their functionality is redox or MT
(21) Chertova, E. N.; Kane, B.; McGrath, C.; Johnson, D.; Sowder, R.;
Arthur, L.; Henderson, LBiochemistry1998 37, 17890-17897. (33) Wilker, J. J.; Lippard, S. Jnorg. Chem.1997, 36, 969-978.
(22) Hathout, Y.; Fabris, D.; Han, M.; Sowder, R.; Henderson, L.; (34) Adman, E.; Watenpaugh, K.; JensenPkoc. Nat. Acad. Sci. U.S.A.
Fenselau, CDrug Metab. Dispos1996 24, 1395-1400. 1974 72, 4854-4858.
(23) Tummino, P. J.; Scholten, J.; Harvey, P.; Holler, T.; Maloney, L.; (35) Carter, C., Jr.; Kraut, J.; Freer, S.; Alden,RBiol. Chem1974
Gogliotti, R.; Domagala, J.; Hupe, [Proc. Natl. Acad. Sci. U.S.A996 249 6339-6346.
93, 969-973. (36) Blake, P. R.; Summers, M. Rdvances in Inorganic Biochemistry
(24) Beerheide, W.; Bernard, H.; Tan, Y.; Ganesan, A.; Rice, W.; Ting, Prentice Hall: NJ, 1994; pp 261229.
A. J. Natl. Cancer Inst1999 91, 1211-1220. (37) Berg, J. MAAcc. Chem. Red.995 28, 14-19.
(25) Casadevall, M.; Sarkar, B Inorg. Biochem1998 71, 147-152. (38) Konrat, R.; Weiskirchen, R.; Bister, K.; Krautler, 8. Am. Chem.
(26) Cano-Gauci, D. F.; Sarkar, BEBS Lett.1996 386 1—4. Soc.1998 120 7127-7128.
(27) Hutchison, K.; Matic, G.; Meshinichi, S.; Bresnick, E.; Pratt, V. (39) Dauter, Z.; Wilson, K.; Sieker, L.; Moulis, J.; Meyer,Rroc. Nat.
Biol. Chem.1991, 266, 10505-10509. Acad. Sci. U.S.A1996 93, 8836-8840.
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Table 1. Database of Zinc Finger Protein Structures
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core motif protein family PDB structure
CysHis; yeast Adrl TF 1lpaa 2adr
enhancer binding protein 3znf 5znf
GAGATF lyui 1yuj
HIV integrase laub lwja 1wjc
uridylyltransferase 1gup 1hxp
TFIIA 1tf3 1tf6
Zif268 lalf lalg lalh lali lalj lalk lall laay 1mey 1zaa
miscellaneous 1ncs 1rmd 1sp2 lubd 1zfd 1znf 1znm
CysHis adenovirus DNA-binding protein ladt ladu ladv lanv
endonucleasePpol la73 la74
protein kinase C 1faq 1ptg 1tbn 1tbo
HIV-1 nucleocapsid p7 laaf 1bj6 1mfs
Cys- and Gly- rich protein 1ctl 1exx liml 1gli 1zfo
RING-finger proteins 1bor 1chc
tRNA-guanine transglycosylase 1pud 1wke 1wkf
miscellaneous la7i 1a8h 1rmd lycs
Cys, alcohol dehydrogenase laxg la71 1a72 lagn laxe llde 1lldy 1teh 3bto
adenylate kinase 1zin 1zio 1zip
GATATF 2gat 3gat 4gat 5gat 6gat 7gat
rubredoxin lirn 1zrp

nuclear hormone receptor

Cys- and Gly- rich protein
RING-finger proteins
polymerases

adenovirus DNA-binding protein
miscellaneous

la6y 1gdc 1glu 1hcp 1hcq 1hra 1lat 1rxr 2nll
la7i1qli lctl 1cxx 1iml
1bor 1chc
la5t 1qyp
ladt 1adu ladv lanv
ladn 1mea 1nbe 1pft 1tfi

regulated. To investigate these suppositions, we have evaluatedAMBER5.0.1% Zn-bound Cys was treated as Cy$ut this did not

the protein packing and electrostatic screening of 207 zinc finger effect the protein screening analysis (see below). Water, nucleic acid,

cores (78 CysHis,, 42 CysHis, 87 Cys), derived from 92 zinc or complexed ligands were also excluded from analysis, since the

finger protein structures in the Protein Data B&fKrhese protein environment of the cores was the fundamental property of

properties serve as steric and electronic measures of the proteift€est: To eliminate statistical bias in the dataset due to multiple PDB
. A - . entries of a given protein, averages were computed over protein families,

protectlon (stablllza}tlon) of_z_|nc co_res e_lnd are used to pre_dlc- with equal weight assigned to each family. Thus, the average property

tively rank the r.elgtl\./e stability of zinc flnggrs. We empha5|ze (P) of a given zinc finger core motif was

that our analysis is independent of a priori assumptions of the

core protonation state(s), since only the protein environment of N

zinc cores is measured. We find the average protein screening Protit = ZPi/Nf Q)

of zinc finger cores is strongly differentiated by Giisg, .

observing a concomitant increase in the screening of anionic

m_Ot'f_Sl' Cys > Cy58H|_32> CysHis,, consistent with [Z”CYﬁ number of families containing a given Gydisz core. Calculation of
His]™ and [ZnCys](? cores, based on the preservation of 5 4150 provided a useful internal measure of the sensitivitp 4
electroneutrality. Interestingly, a wide diversity of core environ-  stryctural variation in the PDB data. Proteins having only a single
ments is also observed. Notably, the C-terminal finger of nuclear structure were grouped as a “miscellaneous” family. The database of
hormone receptor (NR) DNA-binding domains (DBDs) is structures and protein families are listed in Table 1. Zinc clusters or
predicted to be the most labile zinc finger motif in this study, binuclear zinc fingers, as found in MT and the GAL4 family, were not
and within the NR family, the human estrogen receptor (hER) included in this study. _ o

is calculated to have the most labile core. We propose the (P) Evaluation of Protein Packing about Zinc Finger Cores.
C-terminal hER zinc finger functions as a redox or MT regulated C@/culation of the protein density was based on the approach of Grant
“switch” that controls hER DNA binding and thatveak ztsa;"suvr‘;hg;eaizfn?gglrig:g S‘Shiii{g:.né';ﬂg;znpsmwﬁ) (6 defined
electrophiles may disrupt this finger, thus inhibiting hER- » SP '

mediated transcription. 90\ —
e ()= >p— Yoot ) piop— )
Iz i Z il’j iqZk il’j
Methods

(a) Construction of the Zinc Finger Database.The database of
zinc finger proteins was constructed from experimental X-ray crystal-
lographic and NMR structures of the Protein Data Bank (PBBhe
criteria for selection was based on proteins containing at least one
4-coordinate Zn site, consisting only of Cys or His, having-Zhand
Zn—N distances within 2.6 A and 2.3 A, respectively. To uniformily
treat PDB structures that did or did not include hydrogen atoms, all  (45) Peariman, D.; Case D.; Caldwell, J.; Cheatham T.; Ross, W.;
hydrogen positions were assigned with tipeotonate utility of Simmerling, C.; Darden, T.; Merz, K.; Stanton, R,; Cheng, A.; Vincent, J.;
Crowley, M.; Radmer, R.; Ferguson, G.; Seibel, G.; Singh, U.; Weiner, P.;

(44) Bernstein, F.; Koetzle, T.; Williams, G.; Meyer, E.; Brice, M.;  Kollman, P.AMBER 5.0.1University of California: San Francisco, 1998.
Rodgers, J.; Kennard, O.; Shimanuchi, T.; TasumiJVMol. Biol. 1977, (46) Grant, J. A.; Gallardo, M. A.; Pickup, B. J. Comput. Chenl.996
112 535-542. 17, 1653-1666.

whereP; is the average over all structures within famiilgndN is the

where,
pi(r) =w eXF(_aizriz) (3)

In eq 3,riis a local coordinate; = |r — ry|, the Gaussian width (&)
is proportional to the atomic van der Waals radius, and the weight (
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Dielectric constants of the protein and solvent wefe= 2 andeou
= 80, respectively. The van der Waals radii were identical to the
packing analysis described above and the solvent probe radius was 1.4
A. Both AMBER?* and CHARMM® charge sets were used. Zn-bound
cysteines, treated as Cysequired additional parametrization, since
Zn—S bonds have covalent character. Zn and Cys charges were based
on DFT calculationg*°using Dmol (version 960 MSI Inc., San Diego,
CA) to compute optimized core geometries and Hirshfeld and electro-
static potential fitted charges. Zn was assigned a partial chargg, of
= +1, while charges for S and’®f Cys side chains,ds,qcp), were
(—0.34-0.3), (—0.473;-0.333), and £ 0.54-0.35) for the CygHis;,
CysHis, and Cys motifs, respectively. These charges obey empirical
formulas,ds = 62 + ds andacs = A& + dcs, Wheregd = —0.74 and
qgﬁ = —0.4, correspond to charges of unbound CySharge transfer
to Zn was modeled ads + dcg = (2 — gzn)/Neys, SUch thadg/ocs =
4, whereNys is the number of Zn-bound cysteines; the charge-transfer
per Cys is inversely proportional tdls and the majority of the charge
originates from S. The # charge was 0.09, and*Gharges were
—0.002 and 0.06 for the AMBER and CHARMM sets, respectively.
All other Cys charges were fixed to their respective force fields, yielding
net core charges of 6;1, and—2 for CysHis,, CysHis, and Cys,

o

=0
S
R

i i
%

Figure 1. Schematic protein environment of a zinc finger core, defined
by Zr?* and the coordinated residue side chains, ;8iss in this
example. The core is embedded in a protein (dielectric constan),
surrounded by a solvent continuum (dielectric constamg.g). Protein
screening of the core is evaluated within successive radii R.

is chosen so that the van der Waals volume is conseeved,/ drip;. respeqtively. It is imp_ortant to note that was insgnsitive to the
The protein volumey® = / drp9, can be efficiently computed by virtue ~ modeling of core partial charges, due to cancellationVgfe Vs =
of analytical Gaussian integrals. As previously demonstrétednca- Vprotein — Veore A random=25% variation in the core partial charges

tion of eq 2 to six-body terms (overlaps) yielded protein volumes in resulted in less than 0.01% variation\igR) and treating Cysis and
agreement with hard-sphere calculations to within 0.3%. The van der Cys, cores as charge-neutraf{"® = 0) resulted in only a 0.4%
Waals radii (A) for H, C, N, O, S, and Zn were 1.1, 1.7, 1.65, 1.6, 1.9, variation inVy(R).
and 1.4, respectively. (d) Analysis of Variance in Packing and Screening Statistical

The packing fraction or density of the protein, surrounding a zinc differences between packing and screening profiles, as a function of
finger core, was defined as the proportion of molecular volume within Cys,Hisg, were evaluated by balanced single-factor analysis of variance
a sphere of radiu®, p(R) = 3V¥(R)/47R®, centered at the core, as  (ANOVA),° using MATLAB (version 5.3.1, The MathWorks, Inc.,
illustrated in Figure 1p was evaluated with the origin located at the  Natick, MA). At a givenR, a population of PDB observations exists
Zn(p? and SpS) positions. Since the steric profile of cores with the for each independent variable (core motif). ANOVA provided a
same ZA™-coordination motif is radially uniform, all core atoms (zZn,  statistical measure of the similarity in these population distributions,

Cys, and His side chains) were excluded from the evaluatien Biius, based on the likelihoodxfvalue,p) that different populations share a
evaluation ofo was independent of core motif and measured only the common mean (null hypothesis). Lqaytypically p < 0.05, corresponds
radial distribution of the surrounding protein densigy.was also to significantly different CysgHis; populations. Over a rang®, the
decomposed into contributions from the peptide backbomg),( median ANOVAp-value (1/2) of two profiles was a robust statistic of

backbone NH groupfw) and hydrophobic groupgnene Side chains profile similarity. Since steric and electrostatic screening of zinc cores
of Gly, Ala, Val, Leu, lle, Pro, Trp, Tyr, and Phe), lonly evaluating are local and long-range properties, respectivety8al cutoff was
the density of these respective atom sets. As a benchmarlo(R)e used for packing profile ANOVA, while full profiles were used for
profile of the GATA-1 core (PDB: 2gat), computed to 16 Ain 0.5 A  electrostactic screening ANOVA.
steps, required 13s of CPU time on a SGI R12000 processor.

(c) Electrostatic Screening Analysis of Zinc Finger Cores. Results and Discussion

Electrostatic screening of zinc finger cores was evaluated with the . . . . .
program DelPhi (version 2.50, Insightll 98.0, MSI Inc., San Diego, (a) Trends in the Protein Packing of Zinc Finger Cores.

CA), developed by Honig and co-workefsAll atoms within 30 A of The steric screening of zinc finger cores is measured by the
the Zn position defined the dielectric boundary between protein and Protein packing densityp. Radial profiles ofp are shown in
solvent. This encompassed the entire protein volume for most proteins Figure 2, with each profile corresponding to the average trend
studied and our results were insensitive to this cutoff. As illustrated in in p?" for a given core motif. Similar results are obtained for
Figure 1, the radial dependence of the electrostatic potential applied ataverage densities centered at the core thiolate positidn#,

a zinc finger core, due to the surrounding proteigRy, was determined  is important to note the different trends observed in short-range
by charging successively larger spheres of protein atoms and solvingstrycturing ofp as a function of CyiHisg, namely the position
Poisson’s equation. In this treatment, only atoms within a raioé  of the shoulder, as well as the magnitude and sharpness of the
the Zn position carried their full charge, while charges of atoms outside maximum density omax Figure 2a illustrates that Cysores

this range were “switched” off. For a giveR, the total protein . .
electrostatic potentialVyroein Was calculated by solving Poisson’s are on avera_lge the mo_s t tlghtly_paccked, (l:cﬂlowecci ,E) y £
equation on a large, coarse grid (grid spacig0.9 A, protein cores, and finally Cygis, cores: p=s > p=" > p=r2. The
dimension<70% of grid dimension, full Coulombic boundary condi-  Values ofomax for Cys, and CysHis cores are 19% greater than
tions). This grid provided boundary and initial conditions for solving  that of CysHis,. Statistically, the ANOVA similarity 0p®(R),
Poisson’s equation on a focused grid (grid spacing.6 A, protein compared tg%M(R) (p2 = 0.02) andp®™2(R) (p2 = 4 x
dimension<95% of grid dimension). The identical procedure was used - - -

to calculate the core electrostatic potentMlee with only the core (47) Honig, B.; Sharp, K.; Yang, AJ. Phys. Chem1993 97, 1101~
atoms charged. The protein screening potential of the core was thus, (4{3) MacKerell, A.: Bashford, D.: Dunbrack, R.; Evanseck, J.: Field,
Vs = Vprotein — Veore With Vs evaluated at Zn and S positions. Refinement  M.; Fisher, S.; Gao, J.; Ha, S.; Joseph-McCarthy, D.; Kuchnir, L.; Kuczera,
of the grid density to 0.4 A did not significantly chang&1%o) Vs in K.; Lau, F.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D.; Prodhom, B.;
test cases/s was decomposed into protein contributions from the total Reiher, I.; Roux, B.; Schlenkrich, M.; Smith, J.; Stote, R.; Straub, J.;

backboneV??, side chainV/SC, and side chain subgroups, by charging ‘é"ﬁet;”aé’fég'\g'gg'ggkg‘él”gcgiguczera’ J:Yin, D.; Karplus, M. Phys.

only these subsets of atoms. As a benchmarkM(®) profile of t_he (49) Maynard, A. T.; Covell, D. G. Manuscript in preparation.
GATA-1 core (PDB: 2gat), computed to 25 A IL A steps, required (50) Neter, J.; Wasserman, W.; Kunter, Mpplied Linear Statistical
4 min of CPU time on a SGI R12000 processor. Models Homewood: IL, 1985; p 517.
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Figure 2. Average radial (A) protein packing profiles of zinc finger cores: Qp®ld), CysHis (dashed), Cy#lis; (light solid). (A) Total protein

density,p, and total backbone densitygs (inset). Standard deviation imis 0.03, 0.06, and 0.03 for CysCysHis, and CysHis;, respectively.

Standard deviation ipeg is 0.03, 0.04, and 0.02 for CysCysHis, and CysHis;, respectively. B) Total backbone NH densitywk, weighted by

the NH orientation toward the core Zn position (insdBps@nn)0) Onn = OH—N—Zn. Standard deviation ipnn[@¢os@nn)Cis 0.004, 0.006, and
0.003 for Cys, CysHis, and CygHis;,, respectively.

1079), is well separated. Although there is significant similarity NH—S interactions. This structuring may be due to increased
betweenp®H andpHz (py2 = 0.1), atpmax packing is strongly backbone:backbone NHO interactions in the vicinity of anionic
differentiated p = 0.004). Decomposition of reveals that the  cores. We postulate that the more extensive network of-SH
trend in total packing density is correlated with the backbone backbone:core interactions, found for anionic cores, may induce
packing component gf, pgs, Shown in the inset of Figure 2a.  outlying NH—O hydrogen bonding, given the local bias in the
In addition, the contrast betwegng profiles of the different amide dipole orientation around these cores. This is supported
core motifs is more pronounced thanand statistically more by the computed distribution of NHO bonds emanating from
distinct. The backbone is much more tightly structured around the vicinity of zinc finger cores, which is broadly peaked
Cyss cores pgs[Rmax = 6.5 A] = 0.31) than the other motifs, ~ between 8 and 13 A (figure not shown). On the basis of the

becoming less so for Cyidis, cores pss[Rnax= 7.5 A] = 0.23): maxima _of this distributiqn, the number of NHD bonds
Cs CaH CH2 ~ontraction of the backbone around Cys- surrounding Cysand CysHis cores is on average 40 and 14%

Pes ~ Pee ~ PBB ; i ;

rich cores may partly be explained by the replacement of the Nigher than CygHis, cores, respectively. Consequently, these

more bulky His side chain (76 #with the smaller Cys side results imply that mutation or chemical modification of core
cysteines would drastically degrade the native protein structure

chain (44 &). However, anionic core motifs have an enhanced ) : L
network of backbone:core NHS hydrogen bonds that likely E{_Id_'s(;uizttggggiir'gte”or scaffold of NHS bonds and coupled

stabilize tighter backbone folding around these cores. The . .
g g The average hydrophobic packingnone Of neutral Cys-

average number of backbone NiS hydrogen bonds per thiolate . | - ;

(#uns) increases as 1.26 (Cydis), 1.34 (CysHis), and 1.60 His; cores is substantially tighter and more pronounced than
- : ) L ) . . - C C C ;

(Cysy), with an overall NH-S hydrogen bond distance of 2.57 CysHis or Cys motifs ('Opﬁlgée . ppﬁ';be> Pphoba: opp_osnethe

A, based on a 2.8 A NHS cutoff. Thus, on average the number trends observed f%B andp. Th!s sugggsts t.hat Cylsis, cores .

of backbone:core NHS bonds per core increases as 2.5 (Cys are more conducive to formation of zinc finger “hydrophobic

His,), 4.0 (C)I/s,His) and 6.4 (Cys, with each Cys contributing cores”. Conserved aromatic residues, located in the vicinity of

a satellite of NH-S interactions. Together these results are CyspHis, cores, are known to confer zinc finger stability, as

consistent with complementary protein:core interactions that well as enhanced metal ion binding affinfythe Cys profile
pe y P A - is very slightly more hydrophobic than Gydis, but this result
preserve electroneutrality, supporting an anionic trend in effec-

. ) X . is skewed by the extraordinarily highnoneprofile of the Cys

tive core charges: CYB_“SZ (0), CysHis (1), C_ys; (_2)'_ rubredoxin core (2 standard deviations abp{fs,,). Although

The average trend in backbone NH packing density and cy—g hydrogen bonds are substantially weaker than-$H
orientation of the different core motifs is illustrated in Figure jnteractions, scalar coupling between aliphatic side chains and
2b. Here, the density of each NH unit is weighted by its Fe Cysg cores has been proposed as a possible electron-transfer
NH direction cosine, relative to the center of the core, defined mechanism in rubredoxirfé.If rubredoxin is excluded from the

as the Zn position yu = O H—N—Zn). The maxima of  data, the statistical dissimilarity betweggopeprofiles of Cys-
pnuGos@nn)Cfor Cys, and CysHis cores is on average 124 His, compared to Cy#lis (p12 = 0.04) and Cys(pi = 0.003),

and 36% higher than Cydis, cores, respectively. Statistically, is well separated. In contrast, thgnobe profiles of Cysg and

the dissimilarity ofpnul@os@nn)Oprofiles of Cys, compared CysHis are quite similargg, = 0.4).

to CysHis (P12 = 2 x 107°°) and CysHis; (p12= 1 x 10°%9), (b) Electrostatic Screening Profiles of Zinc Finger Cores.

is extremely pronounced, as is Ghfts compared to Cyslis, Decomposition ofp indirectly reveals that the electronic
(P2 = 3 x 107%). The inset of Figure 2b shows the local environment of zinc finger cores depends strongly on th&Zn
orientation of NH groups tends to be more ordered around coordination motif. Continuum electrostatic calculations are used
increasingly anionic cores. Moreover, the trend@os@nn)0J to explicitly probe the electrostatic screening of zinc finger cores.
indicates enhanced long-range backbone ordering for negativeFigure 3 shows the average radial dependence of the electrostatic
cores, particularly Cyscores, extending beyond the range of potential exerted by the surrounding protein on a cbiR),



1052 J. Am. Chem. Soc., Vol. 123, No. 6, 2001 Maynard andeCo

50 T T T T

40

10+

screening potential (kT/e})

\ CyszHis(ADH)I/'\\ DN

X [ARN
oF- o ..\.A.\ . .\_M\... :,/..\..\..’ TN ]
i NEC2ERNA S N "~
’

\
i
\
/
xd

!
-10F AR /I CyfszHis (CDA) b
AY

_20 ! I I 1
0 5 10 15 20 25

R
Figure 3. Average radial (A) profiles of the protein electrostatic screening potential (kT/e) of zinc finger b5, AMBER charge set (bold),
CHARMM charge set (light solid)Vs profiles of the enzymatic Cyhlis cores of alcohol dehydrogenase, ADH (dash dot), and cytidine deaminase,
CDA (dash), are shown for comparison. Standard deviatioviis 6.5, 4.1, and 10.2 kT/e for CysCysHis, and CysHis;, respectively.

as a function of CygHisg, with Vs centered at the Zn position.  Our analysis circumvents these problems, since by definition
Similar profiles are also obtained by averagWigover the core Vs is insensitive to modeling of the cores.

S positions. The magnitude & is inversely proportional to To compare zinc finger and enzymatic coréé was

the protein dielectric constant, however the relative separation calculated for the enzymatic cores of cytidine deaminase (CDA,
of Vs, as a function of CygHis;, is invariant toe in the range  PDB: 1aln, 1ctt), and liver alcohol dehydrogenase (ADH,
1 < e < 4. Consistent with the packing analysis above, the PDB: 3bto). Like zinc fingers, these zinc enzymatic cores are
trend inVs follows a complementary protein:core chargharge  composed only of Cys and His residues, in a s motif,
interaction: V&* > V& > V& anionic core motifs tend to  the fourth coordination site occupied by®ior substrate. The
be much more positively screened by protein. This supports the averageVs profiles of the CDA and ADH cores, shown in Figure
likelihood that CysHis and Cysg cores are anionic in the protein 3, have a completely different signature in comparison to zinc
native state (i.e., Cys is deprotonated), based on the preservatiofinger cores, indicating different functionality. In contrast to zinc
of electroneutrality. There is markedly stronger short-range finger cores, the CDA and ADH cores amegatiely screened,

electrostatic screening of Gytsis and particularly Cysmotifs, due to the presence of nearby Asp and Glu residues which can
over CysHis, motifs. On the basis of the maxima @ at 5 A polarize the substrate (ADH) or directly activateGH(CDA).
(Figure 3), the short-range electrostatic screening of, @psl Furthermore, these enzymatic cores have fewer-SHbonds

CysHis cores is on average 2.5 and 1.8 times greater thagpt Cys (#yn—s = 1.0 CDA, 0.5 ADH), compared to zinc fingers. This
His, cores, respectively. The maxima®A correspond to the  latter feature has been postulated to enhance the covalent
satellite of backbone:core NHS interactions. Asymptotically,  component of the ZaS bond, thus providing a “valence buffer”
the protein screening of the CGyand CysHis cores is 3.1 and  of the catalytic sité! Recently, a novel Cysytidine deaminase

1.7 times greater than Cysis; cores, respectively. Essentially  has been found to have similar catalytic activity to its £Eis

the same results are obtained with either AMBER or CHARMM counterparb? although Cys-coordination is more associated

charge sets (Figure 3). Statistically, the dissimilarity\@‘, with zinc finger cores.

compared toVg*" (pyz = 1 x 1074 and Vg™ (pyz = 1 x Decomposition olVs into the total backbone/2®, and side
1079), is very pronounced. There is less contrast betwégh chain, VS contributions, is shown in Figure 4. The local
and VSZHZ (p12 = 0.05), due to a large variance szH? (10 profile of Vs is dominated by the backbone interaction with the
kT/e) in closer proximity tov_*". The large variance ivs?™" core, particularly in the case of Cysores. The trend ivZ®

is attributed to a lack of correlated charge screening for thesevaries as: Cys> CysHis > CysHis,, and is correlated with
charge-neutral cores. Although timet charge of CysHis; is the number of backbone:core Nt$ interactions. Based on the

zero, the thiolates partial negative charge is stabilized by the maxima ofvsBB (R=5 A), the ratios of\/fB for the different
presence of NHS hydrogen bonds (#-s = 1.26), which motifs (Cys to CysHis,: 3.1, CysHis to CysHis,: 1.9) are
contribute to the observed positive screening of Bys cores  similar to ratios of the average number of N8 bonds per
(locally, VSCzHZ = 19 KkT/e). The protein:core electrostatic core (Cysto CysHisy: 2.6, CysHis to CysHis,: 1.6). At longer
interaction energy=q’®Vr), yields a larger differentiation  distances, the backbone becomes screened from the core and
of core motifs, assuming anionic Gy#is and Cys cores. : : :
However, this measure is sensitive to the partial charge 195(9561%;('?2%&51-?3‘?{‘0”' S.. Wolfenden, R.; Carter, C.,Biochemistry
parameters of the core, as well as assumptions about the CyS ™ (52) Carlow, D. C.; Carter, C., Jr.; Mejlhede, N.; Neuhard, J.; Wolfenden,
protonation state of anionic cores, and therefore was excluded.R. Biochemistry1999 38, 12258-12265.
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Figure 4. Decompostition of electrostatic screening profiles into total backbwfi, and total side chainySS, contributions: Vs (bold), V28

(dash),V‘fC (dash dot). A) Decomposition of Cys electrostatic screening.B] Decomposition of Cyglis electrostatic screening.C)
Decomposition of CygHis, electrostatic screening.

its structure less correlated with the proximity of the core, hence anionic cores, in a manner reminiscent of protein salt-bridges,
the decline inV?B. However, long-range backbone screening contributing a large positive screening potential to the core. As
of Cys, cores is more pronounced than the other motifs. As examples, buried Arg interacts with the Ggsres of NRDBDs
discussed above, this is attributed to induced backbone:backbonén RevErb orphan NR (AR§15), glucocorticoid NR (Arg®*4%9,
NH—O interactions in the vicinity of Cyscores. Asymptotically,  estrogen NR (Argf), and retinoid NR (Arg®). Strong Arg:

the ratio of\/sBB for the different motifs varies as Cy® Cys- core interactions are also found for the ¢y®re of E. coli
Hisy: 5.7, CysHis to CysHisy: 1.7. On average, the net side  DNA polymerase Il (Arg®), and the CysHis core of endonu-
chain electrostatic screening of zinc finger cores is also positive. clease |-Ppol (Ar§f?d. In the RING finger domain of the
However, the profiles ofx/fC are much less structured than promyelocytic leukemia TF, there is a strong Ey€ysHis

V28, Asymptotically, V¢ becomes the dominant component of  interaction. Arg and Lys side chains (Af§ Lys'5>174 are also

Vs, except for Cygcores, its proportion of/s increasing as 39,  closely distributed around the Gytis and Cys cores of the

66, and 68%, for Cys CysHis, and CysHis, cores, respec-  cysteine- and glycine-rich protein family (CRP). However, in
tively. Further decomposition o¥Z¢ into component side  the case of CRP fingers these residues tend to be solvent-
chain contribution&/*°® (Arg, Lys), V*? (Asp, Glu), V2 (Asn, exposed, and their interaction with the cores is substantially
Cys, GlIn, His, Met, Ser, Thr)vg" (Ala, Gly, lle, Leu, Pro, weaker. Similarly, there are significant Afg*Cys, interactions
Vval), andV2" (Phe, Trp, Tyr), reveals that the asymptotic trend observed for _GATA-l,_ b_ut these interactions are sensitive to
in VS is most correlated with/?. This result is consistent ~ Structural variation within the NMR data. A recent study
with the abundance of Lys and Arg residues found in the zinc Suggested that Afg*’may impede the docking of electrophilic
finger domains of TFs, where these residues often function in COmpounds into reactive proximity of the GATA-1 cdfe.
specific nucleic acid interactions. Notably, the combined influ-  (c) Biochemical Diversity of Zinc Finger Core Environ-

ence of aliphatic, polar, and aromatic side chains {Biss), ments: Assessing Reactivity/Stability of Individual Cores.

generally yields a positive screening potential that cancels the Thus far we have compared average trends in the protein

negative contributions of Asp and GIVW9). screening of zinc cores. Here the protein screening of cores is
In some zinc finger familiesy2°° locally screens Cysand analyzed on an individual basis, revealing a wide diversity of

CysHis cores, as shown in Figure 5. In these cases, individual core environments. This diversity may reflect differences in zinc
Arg and Lys side chains directly interact with the thiolates of finger functionality, where unprotected cores may signify redox
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orEIR): nuclear hormone receptors (NR), endonuclease I-ppol (ENDO),

Cys-Gly rich proteins (CRP), RING-finger proteins (RING), RNA polymerase Il (POLY), GATA TF family (GATA).

regulated fingers, while well-screened cores denote stableranked near the average 6¥7,pq ©YeHis (Figure 6: laaf),

structural elements. Individual cores are ranked by steric (loc

al) while the C-terminal NCp7 core is ranked as one of the least

and electrostatic measures of their protein screening. Thescreened cores Ve, o CyHis (Figure 6: laaf). The VS and

average packing density of a corg, = EiRma*p(Ri)AR/Rmayd

ps values of the N-terminal NCp7 core are 1.5 times greater

within a radiusRnax iS used as a steric screening parameter. than the C-terminal core, consistent with experiments demon-
Rmax is based on the maxima of the average packing profiles strating the N-terminal finger is substantially less reactive than

(Figure 2A),Rnax = 7 A, and ps is proportional to the local

the C-terminaP*~23 The V andps values of the GATA-1 and

integral ofp(R). Since the protein electrostatic potential can be Sp1 cores also fall in the middle of their respective distributions.

long-range, the asymptotic value d§, Vi = V{R= 25 A], is

The Cyg core of GATA-1 (Figure 6: 2gat) is 1.5 and 2.8 times

used as a measure of electrostatic screening. The sensitivity ofmore sterically and electrostatically screened, respectively, than

ps and Vg to structural variation within the PDB data was 4

and 15%, respectively, based on their standard deviations
multiple PDB entries of a given protein. Figure 6 is a composi
representation of the steric and electrostatic environments
all zinc finger cores in this study. There is a tendency dor

the C-terminal NCp7 core. Experimentally, GATA-1 is much

forless vulnerable to electrophiles than NCBalthough a Cys

te core is expected to be an order of magnitude more reactive than

ofa CysHis core®® In the case of Sp1 (Figure 6: 1sp2), its neutral
CysHis, core is electrostaticallyess screened than the C-

and Vg to be correlated, consistent with the previously dis- terminal core of NCp7. Thus, the inertness of Sp4 likely an

cussed correlation between the average trendsimd Vs, where

example of its intrinsically more stable Gys, core (lower

increased backbone packing of cores is associated withchemical potential), relative to a Gyis core334° Consistent

enhanced NH S interactions. The overall shifts in thg and
V¢ distributions of Figure 6{Vg,p™1, as a function of

with this observation, the development wEakelectrophiles
that do not affect Cyslis, cores, yet disrupt NCp7, is a design

Cys:His, correspond to relative differences in the average trends strategy for NCp7 inhibitors.

of p and Vs. Figure 6 shows considerable overlap between

{VZ,pg metif distributions. Thus, in some cases a £ysre may
be less screened than a @, core, and is consequently

The steric and electrostatic environments of the Sp1, NCp7,
and GATA-1 zinc finger cores are illustrated in Figure 7, where
the peptide backbones are color-coded according to the total

predicted to be much more labile. Conversely, well separated electrostatic screening of the core per resid@f‘d“‘? Except

regions of{\V{,pss may indicate a protected Cysore that is
less reactive than a given G¥dis, core.

Based on the experiments of Wilker et &l the reactivities
of “bare” zinc finger cores are estimated to vary as 1000 {Cys
100 (CysHis):1 (CysHisy). Recently, Huang et &P also
demonstrated that some electrophilic agents selectively modif
NCp7 CysHis cores, thereby disrupting HIV replication,
without inhibiting cellular zinc finger proteins containing Gys

for the C-terminal NCp7 zinc finger, these proteins are
representative of the average screening of.Bigs, CysHis,

and Cysg cores, based oV and ps. In all cases there is
positive (local) electrostatic screening of the core thiolates,
primarily due to NH-S interactions. Moreover, Figure 7

iedemphasizes the enhanced local screening and backbone packing

of the GATA-1 Cyg core, as well as an extended sphere of
residues that substantially and positively screen its core

(GATA-1) and CysHis; (Sp1) cores. Collectively, these results  (Arg®4247 Thrl119, residues which are highly conserved in
suggest that a core’s protein environment is a key determinantthe GATA family of transcription factors. Compared to other

of reactivity, as important as a core’s intrinsic nucleophili
strength. Notably, the core of the N-terminal NCp7 finger i

c fingers, the core of the C-terminal NCp7 finger is more exposed,
s particularly the Cy® thiolate (3°). This is more clearly shown
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Figure 6. Diversity of protein screening of zinc finger cores, measured\if};of). Cores that are explicitly marked by their PDB labels are
discussed in the text; PDB subscripts correspond to the sequence of multiple zinc fingers within a profejpar(el) CysHis, cores, protein
families: yeast Adrl TF %), TFHIIA (*), GAGA TF (shadedO), HIV-1 integrase (black>), enhancer binding proteir®], uridylyltransferase
(black O0), ZIF268 (shadedd), miscellaneousL ). (Middle panel) CysHis, protein families: adenovirus DNA-binding protein)( CRP (t),
RING-finger proteins®), endonuclease-1Ppol (shadedl), protein kinase C (shad&), HIV-1 NCp7 (black), transglycosylase (*), miscellaneous
(O). (Bottom panel) Cys,, protein families: ADH (shadedl), CRP (), GATA TF (shadedD), RING-finger proteins®), adenylate kinasex(),
adenovirus DNA-binding proteina), rubredoxin ¢r), polymerases (*), NR (black>), miscellaneousL).

Figure 7. Comparison of the protein environments of NCpaigel A: N-terminal finger,panel B: C-terminal finger, PDB: 1laaf), Sppénel
C, PDB: 1sp2), and GATA-1panel D, PDB: 2gat) zinc finger cores. The backbone ribbons are color-coded by the contribution of each residue
to the total electrostatic screening potential of the zinc finger cores; red (negative) to blue (positive), color satugafidd /e.

in Figure 8, where electrostatic screening profiles of the His, cores,V; is nearly zero for the sterically exposed HIV
individual core thiolates of NCp7 are compared, Witi{R) integrase cores, and’ is negatie for the E. coli uridyltras-
centered at each S position. Asymptotically, the electrostatic ferase zinc fingers and the second TFIIIA fingers. Electrostati-
screening of &is 60 to 75% less than the other NCp7 thiolates. cally, these cores are over one standard deviation less screened
Experimentally, Cy¥ is observed to be the most reactive than the average of Cysis,, Vie,.. Notably, there are no
cysteine of NCp7-??and theoretically 8 is predicted to be  cases in which anionic core motifs are negatively screened
the most nucleophilc sité. (Figure 6). Among CysHis cores, the C-terminal finger of
The distributionq V,pgt ™t can be further used to identify ~ endonuclease-IPpol and the RING finger domains of the
other zinc fingers that may be chemically labile. Among £ys promyelocytic leukemia and equine herpes virus TFs, are two
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standard deviations less screened thNan,,. These CysHis

(data not shown). Figure 10 quantitatively compares the

cores and the C-terminal NCp7 core are predicted to be similarly electrostatic screening of hER DBD thiolates, revealing a triad

labile. The{Vg,ps ©¥* distribution is distinguished by having

of Cys thiolates in the C-terminal finger1% $°°, $%) that are

the widest range of electrostatic and steric screening values.predicted to be particularly vulnerable to oxidatiort? Being

The V¢ range of Cysis twice that of CysHis, and CysHis.

The extrema of Vg,ps} &Y% are spanned by the zinc fingers of
nuclear receptor (NR) DNA-binding domains (DBDs). NRDBDs
contain two distinct zinc finger domains; the minima of
{V:.ps &Y% correspond to the C-terminal zinc finger cores of

NR monomers and the maxima correspond to the N-termina

zinc cores of NR dimers.
In the case of NRmonomergqFigure 6: 1gdc, 1hcp, 1rxr),
the cores of the C-terminal zinc finger of the human retinoic

acid receptor (hRR) and human estrogen receptor (hER) are ove
three standard deviations less electrostatically screened tha
V.. Sterically, the C-terminal hER core is the least screened

of éys4 cores, over four standard deviations less than thg Cys
average ops. In contrast, the protein screening of the N-terminal

zinc finger cores of hRR and hER is near the average of

{VZ,pg &Y%, In the case of DNA-bound NEimers the protein

screening of both N- and C-terminal cores is systematically
increased, relative to NR monomers. For example, the C-
terminal cores of hER and hRR dimers are shifted to the average

of {Vg,ps &%, while the N-terminal cores are the most pro-
tected of this study (Figure 6: 1hcq). Thus, the C-terminal NR
finger is predicted to be stabilized by NR dimerization.

The C-terminal zinc finger of monomeric NRs are predicted
to be especially labile since they contain a £gsre. As a point
of reference, the reactive Cysore of Ad&° (Figure 6: ladn)
is located in the vicinity of the C-terminal zinc cores of hER,
hRR, and glucocorticoid receptor. The C-terminal zinc finger
of the hER DBD is predicted to be the most labile in this study
(Figure 6: 1lhcp). Figure 9 illustrates the contrasting electro-
static and steric environments of the hER DBD gg@res, with
the peptide backbone color-coded 4§*™¢ Notably, Arg? is
“sandwiched” between the two Cysores, forming a salt-bridge
with the core of the N-terminal finger. Sequence alignments
indicate that Ar§®is absolutely conserved across the NR family

the most labile. Electrostatically and sterically the C-terminal
hER zinc core is 500 and 60% less screened than the N-terminal,
respectively.

Experiments have demonstrated the two NRDBD zinc finger
domains are structurally and functionally nonequivafént®

| The N-terminal finger contains a DNA-recognition helix that

interacts with the DNA major groove, while key components
of the dimer interface are localized to the C-terminal fintfér.
NRDBDs are monomeric in solution, but dimerize in binding
I;:ooperatively and specifically to their DNA-response elements.
s a monomer, the structure of the C-terminal finger is
disordered, relative to the N-terminal, and on formation of the
dimer the structure of the C-terminal finger is stabilizé&In
addition, studies have found that hRR DNA-binding can be
regulated by a variety of oxidan®>” and that MT can
reversibly exchange Zh with hER, thus regulating its DNA
binding26 The MT/thionein couple also effects DNA binding
of Sp2” and TFIIIAY758 and other experiments indicate that
MT plays an important role in the cellular transduction of
Zn2t 282959 Consistent with these findings and the results of
this study, we propose that redox regulation of NR DNA binding
is modulated by the labile C-terminal finger. In this view, the
C-terminal finger functions as a zinc-regulatory “switch”, its
Zn?"-pound concentration controlled by the cellular redox state
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Structure1993 1, 187—204.
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213.
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Figure 9. The zinc finger domains of the human estrogen receptor DNA-binding domain (fingeN4erminal, finger 2= C-terminal, PDB:
1hcp). The backbone ribbon is color-coded by the contribution of each residue to the total electrostatic screening potential of the zinc finger cores
red (negative) to blue (positive), color saturatient2 kT/e.
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Figure 10. Radial profiles (A) of the electrostatic screening potential of the core thiolates of the human estrogen receptor DBD. Thiolates are
labeled by their Cys residue sequence.

or MT/thionein couple, which in turn regulates formation of screening of increasingly anionic (reactive) core motifs, sug-
the DBD dimer and hence DNA binding. Very recently, this gestingstructural zinc fingers have evolved such that their
hypothesis has been corroborated by Whittal and co-wofRers, potentially reactive core thiolates are protected by the protein,
who demonstrated that preferential oxidation of the hER especially zinc fingers that utilize anionic cores. The predomi-
C-terminal zinc finger prevented hER dimerization and therefore nant structural mechanism by which zinc finger cores are
DNA binding. screened is through networks of backbone:core-d$thydrogen
bonds, which also stabilize the local protein fold of zinc
fingers3637 This finding is consistent with the notion of a
Using a structural database of zinc finger proteins, we have secondary NHS “coordination shell” in the region of zinc
evaluated the chemical stability of zinc fingers on the premise finger cores®® Although only the electrostatic component of
that steric and electrostatic screening of their zinc cores confersNH—S interactions has been evaluated, the results suggest
resistance to oxidation. In support of this supposition, we find charge-transfer and polarization components may make impor-
a large concomitant increase in the steric and electrostatictant contributions to the oxidative stability of zinc cores. DFT
(60) Whittal, R.; Benz, C.; Scott, G.; Semyonov, J.; Bulingame, A.; and ab initio electronic calculations indicate N8 interactions
Baldwin, M.; Biochemistry200Q 39, 8406-8417. can substantially stabilize core thiolates; an optimized amide:

Conclusions
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Cys hydrogen bond lowers the CyKpby —14 units?® may be an indicator of zinc fingers with redox or MT regulated
Together, these findings support other stu#ie’s that indicate functionality, as found in the case of the C-terminal £gsre
Cys; and CygHis cores are anionic under physiological condi- of NR DNA-binding domains. The C-terminal zinc finger of
tions, but appear to contradict a recent mass spectrometrichER is predicted to be the most labile in this study, containing
study*3 that indicates protonated (charge-neutral)y=l Cys- a triad of reactive thiolates: 4§ $°9, $°2. Since the threshold
His cores. Our analysis does not preclude the possibility of of reactivity of the C-terminal hER core is predicted to be the
protonated cores, particularly unscreened cores which may belowest, it may be possible to selectively target the hER DBD
prone totransientprotonation, thus providing a rationale for  with weakelectrophiles, while not affecting other cellular zinc
conflicting observations. Further studies are needed to resolvefingers. Thus, we propose that the transcriptional function of
this issue. We also find that enhanced networks of core-SH  hER may be inhibited byeakelectrophilic agents that modify
hydrogen bonds, associated with anionic cores, may induceits C-terminal zinc finger core, preempting formation of the hER
increased backbone:backbone N8 interactions. Furthermore,  dimer, thereby inhibiting hER DNA binding. This may provide
a number of ion pair [Arg,Lys]:[CysCysHis] interactions are an alternative strategy to current antihormone therapies, directed
noted that are highly conserved. Thus, we conclude zinc finger toward intervention of hER-mediated cancer grof#iSuch a
cores are not readily mutatable, sirg@eh core motif determines  strategy is supported by the recent findings of Whittal and co-
specific protein:core interactions that contribute to unique zinc workers® where hER DNA binding was inhibited through
finger topologies Comprehensive mapping of protein:core chemical modification of its labile C-terminal zinc finger.
interactions to residues may be instructive in interpreting
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