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Investigation of Zinc Chelation in Zinc-Finger Arrays by Electrospray Mass Spectrometry
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The chelation of zinc by consensus zinc-finger arrays of the CCCC, CCHC, and CCHH type has been investigated
by electrospray ionization mass spectrometry. Accurate mass measurements of the most abundant isotopic species
have demonstrated that two protons are lost for each Zn(ll) ion chelated. Methylation of zinc-finger peptides has
revealed that two thiolate anions from cysteine side-chains are necessary to maintain chelation. The other cysteine(s)
retain the thiol proton(s) and can be methylated without loss of chelating ability.

Introduction menclature of Berg-1? two thiolate groups must be present to

At levels of 2-3 g in adult humans, zinc is one of the most maintain chelation of divalent zinc. Other cysteine(s) in the array
prevalent “trace” elements Over 300 proteins have been rgtain. thiol proton(s). The presence of thiol protons in model
characterized so far which contain zinc in a structural or catalytic ZInc-fingers is probed by accurate mass measurements and
role. In addition, clusters have been found associated with COrrelated with the ability of methylthiol ethers to participate
proteins regulating zinc homeostasis and participating in signal " the ligand field.
transductior?.

There are at least ten classes of zinc-based dofainsse o .
common feature is tetrahedral Zn-binding sites involving four ~ Consensus zinc-finger peptides of the CCCC, CCHC, and CCHH
ligands, typically provided by side chains of Cys, His, Asp, and types, whose sequences have been' recently described by Berg and
Glu and by external ligands (e.g. water). In the structural arrays S0/leguesi-*?were obtained from the Biopolymers Laboratory of Johns
termed zinc-fingers, divalent zinc is bound by different com- Hopkins University (Baltimore, MD), purified by reversed phase HPLC,

o S B reconstituted as described by Wi nd dialyzed overnight against
binations of cysteine thiol groups and histidine imidazole groups. 1 \m ll\l|J|-|4HCO3 oH '7.5 aéoslsnjg%pect'raﬁor C\é (Cfl]lmosi IeSter)
Arrays of this kind have been found in a wide variety of nucleic - memprane from Spectrum, Inc. (Houston, TX).
acid binding protein$,in the steroid/thyroid hormone receptor Methylation withp-nitrobenzenesulfonic acid methyl ester (PNBS)
superfamily? and in the RING finger protein famil$. from Sigma (St. Louis, MO) was performed on holo-zinc fingers using

Understanding the structural and chemical properties of thesea modified procedure of Heinriksdf!>PNBS was dissolved in a very
metal clusters is essential for understanding their biological small volume of acetonitrile and aliquots were added to 200
function. The structures of these arrays have been successfullysolutions of holo-zinc fingers in 10 mM NHCOs, pH 7.5. For CCHH
resolved by nuclear magnetic resonance (NMR) spectrocopy and CCHC a molar ratio of 1:2 (cysteine to PNBS) was used. For CCCC
and X-ray crystallograph§.One question remaining is how a 1:1 ratio was used. Care was taken in order to keep the pH at near
many of the thiol groupé in the coordination sphere are neutral conditions to avoid denaturation of the folded peptides. After

_ . 2 h reaction, the solutions were again dialyzed overnight to improve
deprotonated. For lack of sufficient resolution or because of o spectral quality.

rapid exchange with the solvent, the presence of thiol protons ' giectrospray ionization mass spectra were acquired using the first
has been difficult to characterize by either X-ray crystallography mass spectrometer of a JEOL (Tokyo, Japan) HX110/HX110 four-sector
or NMR. By bringing the clusters into the gas phase, electro- mass spectrometer fitted with an Analytica of Branford (Branford, CT)
spray ionization mass spectrometry (ESI-MS)freezes the thermally assisted electrospray source. Analyte solutions were injected
exchange and allows for an accurate proton count. through a loop injector system into the source atl¥min using a

The present work evaluates the hypothesis that in all three Syringe pump. To improve spray conditions and avoid denaturation, a

types of zinc-finger arrays, CCCC, CCHC, and CCHH (no- stable sheath flow of methanol was sprayed coaxially to the analyte
' ' ' solutions at 1uL/min. The spray needle was kept at ground potential

Experimental Section

* Corresponding author. and the counter-electrode at 4 kV. The interfacing capillary was heated
T Current address: Chemistry and Biochemistry Department, University to 120°C.
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Figure 1. Consensus zinc-finger arrays used in the study

valley) by adjusting the slit width. For the detection of methylated a b C
products the resolution was set to 500 (10% valley). Each spectrum
was the averaged profile of 2B0 scans recorded by the JEOL MP7000
data system.

Accurate mass measurements were obtained at high resolution and
using the external standard method. Briefly, analyte and external
standards were introduced into the source by consecutive injections
through a loop-injection system, without mixing and without stopping
the data acquisition. Mass assignments were made by manually
interpolating the target analyte peak from reference ions bracketing
the unknown from both sides. Optimally, external standards should
provide ions of similar charge state and fall within 50 units. In
the present study, thet2charge state was measured directly, with no
computer-assisted deconvolution. For the determination of holo-zinc- [

Relative Intensity

finger peptides, mass accuracy of up to 15 ppm has been obtained by ) (
this method® | ‘

Masses for the different species were calculated from the elemental 1 1/ : '1 l
compositions using the atomic masses of the most abundant isotopes U |
12C, 1H, N, 1%0). For Zn(ll) the mass d¥*Zn (63.92915 Da, which is 1 M v\)w i ‘J\I
the lightest of the five isotopes and is also the most abundant, with v W W
48.89% of the total natural abundance) was used. The calculated L A A A A S B S S
monoisotopic mass was compared with the experimental mass obtained 1480 1495 1500 1515 m/z
from the 12C peak of resolved isotopic envelopes. The experimental Figure 2. High-resolution electrospray ionization mass spectra of (a)
isotopic distributions were compared with the theoretical patterns CCCC, (b) CCHC, and (c) CCHH zinc-finger array. Isotopic envelopes
generated for holo-peptides containing two thiolate anions. for the doubly charged peptides are resolved. See the Experimental
For accurate mass measurements, holo-zinc fingers were analyzec>ection for conditions.
directly in 10 mM NHHCO;, pH 7.5, while apo-peptides were  rapie 1 Accurate Mass Measurements of the Most Abundant
incubated for several minutes in 1 mM HCI, pH 0.5, at room satopic Species of Apo- and Holo-Zinc-Finger Peptides
temperature, and analyzed in the same solution, without further

purification. peptide formula calculatédDa) observeti(Da)
Products of the methylation reactions were analyzed at lower apo-CCCC  GpiH19dN36038S4 2891.4 2891.2£ 0.2
resolution 500 res.), which allowed methyl groups to be counted in  h0lo-CCCC CipH19eN3603854Zn 2953.3 2953.4-0.2
the holo-peptides. All holo-peptides, before and after methylation, were @P0-CCHC  GadHz00N360385s 2925.4 2925.53: 0.1
ana|yzed in 10 mM NEHCO;, pH 7.5. holo-CCHC'  Ci24H108N380385:ZN 2987.3 2987.3 0.1
apo-CCHH  GaH20MN40038S, 2959.5 2959.6t 0.1

holo-CCHH! C127Hzod\l40033522n 3021.4 3021.20.1

Results and Discussion _ :
a |sotopic resolution4£3000 res.) was used for these measurements.

Accurate Mass MeasurementsThe structures of the zinc- Conditions are described in the Experimental Secttdfhe monoiso-
finger peptides studied in this investigation are represented in {opic masses are calculated using the most abundant isotope YZén (
Figure 1. These sequences for arrays termed here CCCC, CCHC63.92_915 De;).c Standard deviations are obtaln_ed from three consecutive

. experiments? Masses were calculated assuming the loss of two protons
and CCHH are consensus sequences obte_uned from a 1arge, i the mass of the fully reduced apo-peptides.
number of known zinc-finger peptides, as published by B&tg.
These structures constitute good models for the three types ofanalyzed at low pH are in good agreement with molecular
zinc-finger arrays and have been successfully used for metalmasses calculated from the sequences. The accuracy of these
binding studies™? measurements is 0.2 Da or better, based on standard deviations,

To obtain accurate mass measurements, the isotopic distribun = 3. The molecular masses observed after binding of zinc
tion was resolved for both apo- and holo-peptides. Figure 2 indicate that two protons are lost from each peptide in the ligand
shows the electrospray ionization mass spectra for doubly field. This is consistent with results obtained from larger zinc-
charged holo-peptides. Mass assignments for the most abundanproteins, for example HIV-1 NCp7 (a 6 kDa protein containing
isotopic species of CCCC, CCHC, and CCHH zinc fingers are two arrays of CCHC type) and rabbit liver metallothionein 2a
reported in Table 1. The experimental masses for the fully (a 6 kDa protein containing CCCC clusters of non-zinc-finger
reduced apo-peptides, with all cysteines present$id groups, type)16

The possibility of artifactual reprotonation in the electrospray

(16) Fabris, D.; Zaia, J.; Hathout, Y.; FenselauJCAm. Chem. S04996 process seems unlikely, given the range bfvalues of the
118 12242-12243. peptides and proteins that have been studied here and in earlier
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Figure 3. Electrospray mass spectra of a holo-CCCC peptide before

(lower track) and after (upper track) methylation withnitroben-
zenesulfonic acid methyl ester (PNBS). See the Experimental Section

Figure 4. Electrospray mass spectra of a holo-CCHC peptide before
(lower track) and after (upper track) methylation with PNBS.

for conditions. ‘\/\\ .
work!® and the precise and consistent stoichiometry of proton J‘ E
losses even in metallothionein complexed with seven zinc 1007 - m g
cationsté 5 i » S
Methylation of the Zinc Arrays. To test further the finding N Lé) ‘H |
that only two thiolate groups are present in holo-zinc-finger -y & o Il
arrays, all three holo-peptides were methylated in 10 mM-NH :2 h 5’“ @] f‘ ]
HCO;, pH 7.5, room temperature, usipenitrobenzenesulfonic 2] /‘\ I i' l lﬁf
acid methyl ester (PNBS). This is reported to be a specific = M/ \\/\AﬂJ{ v LM\
reagent for cysteine side chain grodfysté The ratios between &~ ‘ | \
substrate and methylating agent were controlled to avoid ’\ / L
exhaustive methylation of all cysteines present and denaturation ol / N )

of the fingers. For the CCCC peptide a 1:1 ratio (cysteine to
PNBS,) was em_ployed, for CCHC and CCHH peptides the ratio Figure 5. Electrospray mass spectra of a holo-CCHH peptide before
was 1:2. Reactions were performed for 2 h. The products Wer?_power track) and after (upper track) methylation with PNBS.
analyzed by electrospray mass spectrometry at near neutral p
(see Experimental Section). The low energy involved in the
electrospray process and the native conditions used for the
analysis facilitate the preservation of metal ion liga#tls.

Figure 3 shows lower resolution electrospray mass spectra
of the CCCC finger measured before and after incubation with

1500y 1550

A control reaction was performed on each model peptide to
evaluate its susceptibility to methylation in absence of zinc.
Aliquots of each apo-peptide, stored at low pH to avoid
oxidation, were neutralized and treated with the same amounts
. . - of PNBS used for alkylating the correspondent holo-species,
_PNBS. The lower track represents the starting material Co”t?"n'working at pH 7.5 in the presence of DTT. Electrospray mass
ing both apo- and hoIo-CQCC. In the upper spectrum, zinc spectrometry demonstrated that methylation of all the cysteines
chelates are observed carrying both one and two methyl grOUpS'present (4 methyl groups for CCCC, 3 for CCHC, and 2 for

and apo-peptide up to three methyl derivatives. The spectrascHH . not shown) was readily achieveu2 h in theabsence
suggest that two but not three methyl groups may be added to¢ zinc,.

thiols in the ligand field before chelation is disrupted. - . . .
) These results indicate that the cysteines involved in zinc
Analogous results are obtained for CCHC, as shown by the , . . . ; . .
. binding are less susceptible to alkylation than the cysteines in
electrospray mass spectra measured before (Figure 4, lower,

track) and after (upper track) incubation with PNBS under the the apo Pe.p“des- As_sum!ng all groups are equally a_ccessmle,
. \ .| _the reactivity of cysteine side chains with the methylating agent
conditions described above. The monomethylated holo-peptide. . " .
. . . ... —is determined by the nucleophilic character of the sulfur, which
is the most abundant ion detected in the product spectrum. Little.

or no dimethylated holo-CCHC is observed; however, the apo- s significantly reduced by the presence of¥m strong Lewis

L : acid. The spectra in Figures-3 also show that zinc ions are
peptide is observed carrying one, two, and three methy| groups. 5 longer chelated when fewer than two thiolate groups remain
This is consistent with the hypothesis that two thiolate ligands 9 group )

participate in zinc cation binding. T_a_”de_m mass spectrometry experiments with high energy
The electrospray mass spectra of CCHH obtained before andcolllsmn-lndyced dissociation have been used to locate the sites
after reaction with PNBS are shown in Figure 5 (lower and of met.hylanon on a relatgd monomethylated CCHCI.’he.
upper track, respectively). In this case, the reaction mixture looks analysis _revea_lled methylaﬂon_ on either Cys-6 or Cys-16 In a
very similar to the starting material. Holo-CCHH is the most 1-8:1 ratio, with no methylation detectable on Cys-3. This
intense ion, as in the starting material, and no significant signals reactivity pattern could be caused by either different accessibility

for methylated holo-peptides can be detected. Methylated specieé)f th_e methylating agent to Qifferent thiol groups in_ the folded
are observed only in the apo-form, again suggesting that two peptide, or by asymmetry in the electr_onlc density over the
thiolate ligands are necessary for binding. CCHC array. The fact that at least two sites out of three can be

methylated suggests that thiol protons may be delocalized over

(17) Yu, X.; Wojciechowski, M.; Fenselau, @nal. Chem1993 65, 1355~ the array or shared between sulfur couples. A possibly similar
1359. situation, with sharing of one proton between two thiolates has
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been observed in thioredoxin and other redox proteins involved as thiolates and are effectively involved in chelating Zn(ll) ions.
in disulfide bond turnovet? The other cysteine(s) retain the thiol proton(s) and can be

. methylated without loss of chelating ability.
Conclusions y 9 y
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