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ABSTRACT. Metal-response element (MRE)-binding transcription factor-1 (MTF-1) is a zinc-regulated
transcriptional activator of metallothionein (MT) genes in mammalian cells. The MRE-binding domain
of MTF-1 (MTF-zf) has six canonical CysHis; zinc finger domains that are distinguished on the basis

of their apparent affinities for zinc and their specific roles in MRE-binding. In this paper, pulsed alkylation
of the zinc-liganding cysteine thiolate pairs with the sulfhydryl-specific alkylating readgi-
ethylmaleimide @s-NEM) is used as a residue-specific probe of the relative stabilities of the individual
zinc finger coordination complexes in ZMTF-zf. A chase with excess4-N-ethylmaleimide (H-NEM)

to fully derivatize MTF-zf concomitant with complete proteolysis, followed by MALDI-TOF mass
spectrometry allows quantitation of the mole fractiorlgfls-, ds,Hs-, and H,Hs-NEM derivatized peptides
corresponding to each individual zinc finger domain as a functiaz-0fEM pulse time. This experiment
establishes the hierarchy of cysteine thiolate reactivity in MTF-zf as F%6 > F1 > F2 ~ F3 ~ F4.

The apparent second-order rate of reaction of F1 thiolates is comparable to that determined for the DNA
binding domain of Sp1, ZySp1-zf, under identical solution conditions. The reactivities of all Cys residues

in MTF-zf are significantly reduced when bound to an MREd-containing oligonucleotide. An identical
experiment carried out with Z2rMTF-zf26, an MTF-zf domain lacking the N-terminal F1 zinc finger,
reveals that MTF-zf26 binds to the MREd very weakly, and is characterized by strongly increased reactivity
of nonadjacent F4 thiolates. These findings are discussed in the context of existing models for
metalloregulation by MTF-1.

Zinc, an essential trace element found in over 300 proteins functions ). In particular, Zn(ll) is redox-inert due to its
and enzymes, plays two primary roles in biolody%). One completely filled d-electronic shell and is considered a
is a structural role in which a coordinately saturated Zn(Il) “borderline” Lewis acid that enables binding to a wide range
coordination complex functions to stabilize the native fold of biological ligands while adopting a range of coordination
of a protein or an intermolecular protetprotein or protein- numbers (typically 4 to 6) and geometries 8).
nucleic acid interface; without bound Zn(ll), the conforma-  All cell types possess regulatory machinery to tightly
tion is usually altered and often locally unfolded and control the concentration of bioavailable zin®—12),
functionally inactive 8). Zinc finger proteins represent a although the precise mechanism of zinc toxicity remains
prominent example of a well-understood structural role for unclear. In vertebrate cells, the metalloregulated transcrip-
zinc (for a review, see ref). Zn(Il) can also play a catalytic ~ tional activator protein, metal response element (MRE)
role, where it typically functions as a Lewis acid in activating binding transcription factor-1, MTF-1, plays a central role
an attacking nucleophile, e.g., a water molecule in a in detoxifying high concentrations of zinc and cadmium as
hydrolytic enzyme §). Although Zn(ll) is not unique inits  well as protecting cells from oxidative stres$2{14).
ability to perform these biological roles, the bioinorganic MTF-1 binds to acis-acting element(s) found in the
chemistry of Zn(ll) is ideally suited to carry out these promoters of zinc-regulated genes termed a metal-response

element (MRE) 15) and is required for both basal and zinc-
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Ficure 1: Top, schematic representation of the amino acid seque
MTF-1 zinc finger domain fragment used in these studies.

recently, functional MREs have been found in the promoters
of the gene encoding ZNT1, a widely expressed zinc efflux
pump (@8, 19), and the gene encodingglutamyl-cysteine
synthetase, a highly regulated enzyme in glutathione bio-
synthesis 16), as well as other target gene).

MTF-1 is a canonical TFIIIA-type zinc finger protein that
contains six tandemly arrayed Gydis, (CCHH) zinc finger
domains, each of which conforms to the C¢sCys-X;-
His-X,-His sequence(l) (Figure 1). The zinc finger domain
is necessary and sufficient for high affinity binding to the
MRE in vitro (22) and in vivo @3). Limited evidence
suggests that flanking domains do stabilize the MTF-1-MRE
complex @4) and are required to observe Zn(ll)-dependent
activation of MRE binding in vitro (cf. ref25), but the
mechanism is poorly understood. Since it is well established
that tandemly arranged GysHis; fingers bind to contiguous
or overlapping 3-4 base pair subsitegl), the conserved
portion of the 12-base pair MRR) is not large enough to
accommodate sequence-specific recognition by all six zinc
fingers in MTF-1. This has fueled speculation that the zinc
fingers in MTF-1 play distinct functional roles, with a subset
of zinc fingers playing a structural role in MRE-binding, with
others required for Zn(ll)-dependent activation of MRE
binding and transcriptional activatiog%). Recent structural
and functional findings are largely consistent with this idea
(22, 24, 27, 28). Characterization of the zinc finger domain
of AMTF-1, MTF-zf, showed that the C-terminal zinc finger
domains, F5 and F6, played an accessory role in stabilizing
the proteinr-DNA complex and appeared to bind Zn(ll)
weakly; these properties are consistent with what one might
expect for metalloregulatory zinc finger2 27). In contrast
to these expectations, functional characterization of F5 and
F6 “missing-" and “broken-finger’ mutants have yet to
ascribe a critical role for these zinc fingers in zinc-dependent
stimulation of MRE binding and transcriptional activation
in vivo (24, 28). On the other hand, recent functional studies

nce of human MHy-B¢ttom, amino acid sequence of the human

were interpreted to suggest that the N-terminal zinc finger,
F1, is the zinc sensor in MTF-28).

The objective of the work described here was to gain
additional insight into zinc chelate stability in zinc-saturated
(Zns) MTF-zf. Previous electrospray ionization mass spec-
trometry experiments reveal that consensus ,Clhs,
domains bind Zn(ll) such that both cysteines are negatively
charged thiolate anions at neutral pH in the Zn(ll) complex
(29). Since a metal-coordinated thiolate anion is poorly
nucleophilic relative to a free thiolate, a major factor that
will influence the intrinsic reactivity of a metal-bound thiolate
is the extent to which the coordinated Zn(ll) controls the
“free” thiolate via a dissociative equilibrium at the metal
center 80, 31). Thus, if two cysteines in otherwise identical
coordination complexes, e.g., the most N-terminal cysteine
in two contiguous Cys-His; zinc finger domains, display
vastly different reactivities with an alkylating agent, this
likely originates with weaker Zn(ll)-thiolate bonds in one
versus the other chelate (Figure 2).

In this study, we have determined the rate at which
individual cysteine pairs in each zinc finger domain in MTF-
zf is derivatized by the sulfhydryl-specific alkylating agent
N-ethylmaleimide (NEM) as a probe of zinc chelate stability.
Selective chemical modification and mass spectrometry have
previously been used to probe protein surface topol8gy (
33), protein—protein interactions34), protein folding 85)
and the reactivity of cysteine ligands in metal coordination
complexes toward a variety of electrophil&$); including
NEM (37). The underlying principle in these studies is that
the reactivity of a specific target residue is due to the net
effect of its local environment. Here, we employ selective
ratiometric chemical modification, combined with protease
digestion and high-resolution mass spectrometry, a method
described in detail elsewher8§g), to determine the reac-
tivities of cysteine thiolate pairs in individual zinc finger
domains in the uncomplexed and MRE-bound forms of Zn
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nated pMTF-zf26, designed to express residues-BZD of
hMTF-1), with the MTF-zf26 purified essentially as de-
scribed above for MTF-zf. ZnMTF-zf26 was found to
contain 4.7 molar equivalents of Zn(ll) and 9.5 (10 expected)
reduced thiolates by DTNB reactivity. MALDI-TOF revealed
amass of 17 819.1 daltons (17 819.3 daltons calculated from
the amino acid sequence) with an N-terminal sequence of
MEYTFV(X), which matches the expected sequence of
M-1ETYFVC (14) (Figure 1).

Purification of Spl-zfThe bacterial Spl-zf expression
plasmid, pSp1-Zn924Q), was kindly provided by Professor
John Caradonna (Boston Universityj. coli BL21(DE3)
transformed with pSp1-Zn92 was propagated on rich LB
media at 37C, with the expression of Sp1-zf induced with
0.4 mM IPTG at arhso0 Of 0.4 essentially as described. After
4 h, the cells were harvested by low-speed centrifugation.
The wet cell paste frm 9 L of cell culture was resuspended
and sonicated using the methods described above for MTF-
zf (vide supra). Solid urea was then added to the supernatant

zinc finger-Zn(ll) complexes in MTF-zf. Low affinity complexes
will be characterized by increased metthtiolate dissociation,
which would make these cysteine thiolates more nucleophilic toward
the aklylating reagerds-NEM, during the pulse timé In contrast,
cysteine thiolates in Zn(ll) chelates of high stability will be
refractory to modification byds-NEM and will largely become

to a final concentration of 5.0 M, and subsequently acidified
to pH 2 with HCI, with the resulting suspension centrifuged
for 30 min at 12 000 rpm in a Beckman JA-20 rotor. The
resulting supernatant was loaded onto a Waters Powerline
derivatized during the chase withs#llEM. The three alkylation HPLC system running a POROS reversed-phase C4 column

products of the pulsed alkylation protocds,ds-, de,Hs-, and ks He- (Perseptive Biosystems) equilibrated with 0.1% trifluoracetic

NEM derivatized peptides, and their molecular masses are shown@cid (TFA) and developed with an acetonitrile gradient in
on the right. 0.1% TFA. Fractions containing Spl-zf were identified by

SDS-PAGE, pooled, and then lyophilized to dryness. The
MTF-zf at a resolution not previously possible. The results dried acidified apo Spl1-zf sample was then brought into the
provide new insight into the solution structure, reactivity, glovebox, dissolved in a degassed zinc- and dithiothreitol-
and zinc chelate stability of individual zinc fingers in free buffer containing 50 mM Mops, 0.20 M NaCl, pH 7.0,
MTF-1. and subjected to exhaustive anaerobic dialysis against the
same buffer to create apo-Spl-zf. Following dialysis, 3.0
molar equivalents of ZnGlwas added anaerobically. Zn
Spl-zf prepared in this way was found to contain 35 (
0.2) mol equivalents of Zn(ll) and 6.0 mol equivalents

MATERIAL AND METHODS

Materials. Dithiothreitol was obtained from Acros-Organ-
ics, while DTNB and Mops were from Sigmés-NEM was reduced cysteines by DTNB reactivity.
obtained from Medical Isotopes, Inc., whilsNEM was Purification of the MREd-Containing Oligonucleotide.
purchased from ICN. Trifluoroethanol was obtained from umol syntheses of crude, complementary mouse MT-I
Pierce Chemical Co., while HPLC-grade acetonitrile was MREd-containing 23-nucleotide oligonucleotides (“top”
purchased from EM Science. Sequencing grade trypsin wasstrand: 5GAGCTCTGCACTCCGCC CGAAAA) were
obtained from Promega, while chymotrypsin was purchased obtained from the Gene Technologies Laboratory at Texas
from Boehringer-Mannheim. Bradykinin was obtained from A&M University. These oligonucleotides were purified by
Sigma. denaturing PAGE, electroeluted (S&S) from the excised gel

Purification of Zgy MTF-zf and Zg MTF-zf26.The zinc bands, and desalted using an Alltech C-18 cartridge, as
finger domain fragment encoding residues 4320 of described previously 2(¢7). The purified complementary
human MTF-1 (4) (Figure 1) denoted MTF-zf22) was strands were annealed at 95 for 5 min in a zinc-free buffer
expressed irEscherichia coliBL21(DE3) and purified to containing 50 mM Mops, 0.20 M NacCl, pH 7.0, followed
homogeneity using nondenaturing conditions essentially asby slow cooling at room temperature. Duplex formation was
described previoush2@). The MTF-zf was then exhaustively  confirmed by nondenaturing PAGE (data not shown).
dialyzed in an anaerobic Vacuum-Atmospheres glovebox Ratiometric Pulsed Alkylation/Mass Spectromeligese
against a zinc- and dithiothreitol-free buffer containing 50 methods were adapted from the original report described
mM Mops, 0.20 M NaCl, pH 7.0. The zinc content of MTF- elsewhere38). All experiments were carried out in Vacuum-
zf used in these experiments was determined by flame atomicAtmospheres anaerobic glovebox at ambient temperature
absorption on a Perkin-Elmer AAnalyst 750 atomic absorp- (=25 °C). For the MTF-zf experiments, 12 of 0.10 M
tion spectrometer to be 6.5 mol of Zn(ll)/mol of MTF-zf, ds-NEM was added at time zero to 2.0 mL of 5u® Zne
while the mol equivalents of reduced cysteines was deter- MTF-zf (60 uM cysteine thiolate; 0.6 mMs-NEM) to give
mined to 12.4 (12 expected) by anaerobic DTNB reactivity a 10:1 molar ratio ofls-NEM:Cys thiolate. At various times,
(38) using exg0 = 16400 Mt cm™® (22). MALDI-TOF this pulse ofds-NEM reaction was terminated by withdraw-
revealed a mass of 21167.3 daltons (21 167.0 daltonsing a 200uL aliquot and adding it to a solution consisting
calculated from the amino acid sequence) A pET-basedof 12 uL of 0.10 M Hs-NEM, 80 L of 0.50 M NacCl, and
overexpression plasmid for MTF-zf26 was prepared (desig- 2 uL of 1 mg/mL sequence grade trypsin or chymotrypsin,
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to give a final 100:1 molar ratio of HNEM:Cys thiolate
(the chase contained 10:1sMNEM:ds-NEM). Three hours
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Spl-zf samples were subjected to mass spectrometry exactly
as described above. In all cases, two independent pulsed

after the last pulse time point was taken, the proteolyzed alkylation/mass spectrometry experiments were carried out
samples were removed from the glovebox and prepared forfor each sample condition, one of which was used to collect

elution from an Amika Corp. C4 microtip column. The tip
columns were first wet with HPLC-grade acetonitrile, before
equilibrating them with 2 mL of 0.1% TFA solution. The

data at shorter times {60 minds-NEM pulse) and one at
long times (46-250 min) with the combined data simulta-
neously analyzed as described below.

sample was loaded and then washed with 2 mL of 0.1% TFA MALDI-TOF Mass SpectrometryMALDI-TOF mass

solution before elution with a 0.1% TFA/100% acetonitrile

spectra of all samples were acquired using a Perseptive

solution. The sample was vacuum-centrifuged to dryness andBiosystem Voyager Elite XL TOF mass spectrometer

dissolved in 5Q:L deionized, distilled water. A 4L aliquot

equipped with a pulsed nitrogen laser emitting at 337 nm

of each sample was then diluted to a final protein concentra- manufactured by Laser Science Inc. All spectra were acquired

tion of ~0.1 mg/mL in 40uL of a solution containing 1.5
mg/mL a-cyano-4-hydroxycinnamic acid in 25% aqueous

in the positive ion mode using 25 kV acceleration. Each
spectrum is the average of 100 laser pulses. The spectra for

methanol. These samples were then deposited as a series dhe tryptic and chymotryptic peptides of MTF-zf were

500 nL spots on top of an air-dried layer of matrix made by
spotting 5uL of a 30 mg/mL solution ofa-cyano-4-

acquired with 200 ns delayed extraction in reflectron mode.
The grid and the guide wire voltages were operated at 70

hydroxycinnamic acid in pure methanol. Samples were and 0.05% of the acceleration voltage, respectively. Brady-
subsequently air-dried before mass spectral analyses, perkinin [1060.5 Da}" was used as external calibration for the
formed in the mass spectrometer adjusted to reflectron modemass spectrometer prior to mass analyses of tryptic and

settings suitable for low mass determination (5@800 Da).
An identical experiment was carried out with ZMTF-

chymotryptic peptides. The mass resolution achieved with
this experiment is routinely 0.2 ppm, with typically repro-

zf bound to a 23-base pair oligonucleotide containing a single ducibility between samples et 0.2 ppm.

copy of the MREd sequence from the mouse MT-I promoter

(27), formed anaerobically by mixing 2.0 mL of @M Zne
MTF-zf with 28 uL of a 730uM MREd solution for 15 min
(10 uM MREd), prior to addition ofds-NEM as described

A single MALDI-TOF mass spectrum was acquired for
eachds-NEM time pulse-H-NEM chase experiment and
processed using GRAMS 32 for peak localization and
integration. Each mass spectrum contains a complete set of

above. The samples were processed in exactly the same wajryptic (or chymotryptic) peptides except that all cysteine-
as free MTF-zf samples. For the experiments that probed containing peptides are fully alkylated at each of the two

the reactivity of Cys thiolates in ZMTF-zf26, 12ul 0.10

M ds-NEM was added to 2.0 mL 4.76M Zns MTF-zf26
(0.60 mM ds-NEM final; 12.6-fold excess over cysteine
thiolates). At some pulse timg,200uL was withdrawn and
added to a solution containing 80 0.5 M NaCl and 24
uL 0.1 M Hs-NEM, for a final concentration of 7.89 mM
Hs-NEM (13.2:1.0 H-NEM:ds-NEM). This sample was then
divided into two parts, and 16L of 0.1 mg/mL solution of

trypsin or 0.125 mg/mL chymotrypsin added to each tube.

cysteine residues by NEM, which are resolved as either
Hs,Hs-NEM derivatized peptides (mass expected peptide
mass+ 250 mu),ds,Hs-NEM derivatized peptides (mass
expected peptide mas$ 255 mu), or asdsds-NEM
derivatized peptides (mass expected peptide mags 260

mu) by mass spectrometry (Figure 2). The sequences of the
tryptic and chymotryptic peptides used for this purpose are
listed in Table 1. The mol fractions) of each of the three
doubly derivatized peptides in a mixture is simply given as

The digestion reactions were allowed to proceed for at leastthe ratio of the peak area integration (A) of ttie NEM-
3 h at ambient temperature, and the resulting peptidesderivatized species to the sum of the integrated areas of all
prepared for mass spectrometry essentially as describedHs,Hs + Hs,ds + ds,ds) alkylated species. For example, the

above. For the ZnMTF-zf26:MREd complex, an identical
experiment was carried out except that 88 MREd
oligonucleotide was present in the pulse-chase.

mol fraction of theds,ds-derivatized peptide®(ds,ds), is
defined as

To measure the reactivity rate profiles of cysteine thiolate ©(ds,ds) = A(ds,ds)/[A(Hs,Hg) + A(Hs,ds) + A(ds,ds)]

pairs in Sp1-zf, 1@L of 0.10 M ds-NEM was added at time
zero to 60QuL of 25 uM Zn3 Spl-zf (150uM Cys residues;
1.64 mM ds-NEM), incubated for various lengths of time,
whereupon 5@L aliquots were withdrawn and mixed with
a solution containing with 1@L of 0.10 M Hs-NEM, 80

uL of 0.5 M NaCl, and 2uL of 1 mg/mL sequence grade
trypsin (12.1:1.0 BFNEM:ds-NEM). These samples were
allowed to digest in the glovebox overnight. One-tenth of
each sample (GL) was then diluted to a final protein
concentration of&0.1 mg/mL in 2uL of a 1.5 mg/mL ferulic

As the pulse time ofls-NEM reactivity increases(ds,ds)

will increase with other species correspondingly decreasing.
Any cysteine thiolate that survives thgNEM pulse is then
fully alkylated in the chase by an NEM solution containing
~10:1 molar ratio of B-NEM to ds-NEM. A chase designed

in this way will derivatize all unmodified two-Cys containing
peptides that survive thile-NEM with an isotopic distribution

of Hs,Hs:Hs,d5:d5,05 of ~10:1:0.1. Thus, the mole fraction
of reactive zinc finger cysteine pairs for tft@ zinc finger

acid in 25% aqueous methanol. These samples were therdomain peptide 4F) which are alkylated in thels-NEM
deposited as a series of 500 nL spots on top of an air-driedpulse, ©(reactiveZF;), will not be substantially perturbed

layer of matrix made by spotting BL of a 30 mg/mL
solution ofa-cyano-4-hydroxycinnamic acid in pure metha-

nol. Control experiments were also carried out with apo Sp1-

zf, generated by incubating Z6p1-zf with 300uM EDTA,

or in the presence of 2 mol equivalents of excess Zn(ll).

by this chase composition. Therefore,
O(reactedZF)) = O(ds,ds)

The mole fraction of unmodified zinc finger domain peptides,
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Table 1: Amino Acid Sequences and Masses of NEM-Labeled Zinc Finger Peptides Used in the Ratiometric Pulsed Alkylation/Mass
Spectrometry Experiments

mass of NEM-labeled peptides (Da)

zinc amino acid sequence mass of the Hs, Hs Hs, ds ds, ds
finger of MTF-1 zinc finger peptides peptide (D&) observed  calculated observed calculated observed calculated
F1 MOYQCTFEGCPR 1203.49 1453.05 1453.58 1458.08 1458.14 1463.11 1463.17

F2 1TFVCNQEGCGKAF (MTF-zf) 1403.66 1653.55 1653.70 1658.55 1658.25 1663.59 1663.28
F2 1% CNQEGCGKAF (MTF-zf26) 1155.49 1405.50 1405.58 1410.50 1410.14 1415.20 1415.17

F3 WEKPFECDVQGCEK 1511.68 1761.10 1761.74 1766.15 1766.30 1771.29 1771.33
F4 22RCDHDGCGKAF 1208.4% 1458.45 1458.58 1463.47 1463.14 1468.52 1468.17

F5 260RCDHDGCGKAF 1208.4% 1458.45 1458.58 1463.47 1463.14 1468.52 1468.17

F6 282THTRGERPFEPSNGCEK 1909.83 2159.15 2159.92 2164.17 2164.48 2169.21 2169.51

mass of NEM-labeled peptides (Da)
zinc amino acid sequence mass of the Hs, Hs Hs, ds ds, ds
finger of Sp1 zinc finger peptides peptide (Da) observed calculated observed calculated observed calculated

F1 62%QHICHIQGCGK 1223.58 1473.88 1473.67 1478.23 1483.82 1483.26

F2 4WHTGERPFMCTWSYCGK 2088.89 2338.88 2338.98 2343.54 2348.58 2348.57

F3 686 ACPECPK 894.39 1144.92 1144.48 1149.04 1154.98 1155.07

aT, peptide generated by tryptic digestion; C, peptide generated by chymotryptic digéstina.finger F2 peptide in MTF-zf failed to yield
appreciable chymotryptic cleavage following Phel70, unlike MTF-zf26.

O(unmodifiedZF;) is therefore given by of MALDI-TOF mass spectra derived from differesiit NEM
pulse times selected to show the isotopic distribution of the
©(unmodifiedZF) = ©(Hs,ds) + ©(Hs,Hg) = doubly-NEM derivatized tryptic peptides which correspond

1 — ©(ds,dy) to zinc finger F2 (Ta_ble 1) of ZySp1-zf is shown _in_ Figurg
3A. Analogous sections selected to show reactivity profiles

for F1 and F3 are not shown due to space considerations.

Note that H,Hs-, ds,Hs-, andds,ds-NEM derivatived peptides

chase composition), which was near the limit of detection are cleanly separated in the mass spectrum in a manner

in these mass spectrometry runs. In contrast, all experimentscorVSiTStemt .With their gxpected isqtopic dis'trib.u.tions, with
carried out with MTF-zf & MRE) containeo,lm/15—20% sufficient signal-to-noise for quantitation of individual pep-

Hs,ds-peptides at all zinc finger sites at the earliest pulse tide SPECIES. Second,las expected, as the pulse timelwith
time points (expected value is 10%). Since the pseudo-first- NEM InCreases, the_:rg is a greater fraction of doubly Qlkylated
order rate of decay of the gfls-peptides was essentially F2 peptide containing twads,ds-NEM adducts, with a
identical to that measured for the; Hs-peptides and build- correspondl_ng (_jecrease_ln the fraction of peptides recovered
up of the ds,ds-peptides (see Results), we attribute these as I—g,H5—der_|\_/at|ved peptides (pot shovyn).lln no case, under
mixed alkylated species as deriving from uncertainties in the these conditions, does_ the m|xeq derivatizegipeptide
He-NEM:ds-NEM ratio in the chase solution, rather than accumulate to appreciable fraction of the total alkylated

partially reactive species formed during ttieNEM pulse. species. Since under al! conditions, NEM is in great molar
For the MTF-zf26 experiment®(Hs,ds) comprised 812% excess over cysteine thiolates, the rates of decaysdisH
of the total species (expected value~x8%) and did not peptide gnd appearance d_g,d5-pept|de each .fOIIOW a
decay in a measurable way during the course of the reaction.pseUdO'f'rSt'Order process (Figure 3C) Charactserlgeijlby arate
Except where indicated, all plots @(unmodifiedZF) were con;tant of reactivitykapp Of 5'4 € 0.3) x 10 min™%, If
satisfactorily fit to a first-order exponential decay, as Kapp i expressed as a function of the totds-NEM
expected. Note that since this is a ratiometric experiment concentration (1.64 mM), an apparent second-order rate
which quantifies therelative quantities of isotopically ~ constant of 3.26 0.23) Mgy min™* is obtained (Table
differentiated peptides, the quantitation is not complicated 2).
by problems associated wittbsolutentensity mass spectral Figure 3B shows that coordination to Zn(ll) by F2 results
analysis, which include sample heterogeneity, shot-to-shotin a substantial protection against cysteine thiolate reactivity
variability, and sample-to-sample inconsistencies in ion as expected 30), since all cysteine thiolates are fully
abundance due, for example, to incomplete protease digestiorderivatized during thels-NEM pulse time when the reaction
with the proteases. is run in the presence of excess EDTA. Although the rate of

Fluorescence Anisotropy Experimeni$ie change in the  reaction of Zn(ll)-free thiolates was too fast to measure from
steady-state anisotropy of coumarin-labeled MREd duplex this experiment, a lower limit for the apparent second-order
upon addition of MTF-zf or MTF-zf26 was measured in the rate constant is>5000 Mz, min~%, or greater than 250
L-format (40 mM Mops, pH 7.0, 0.20 M NacCl, 25C) times faster than in the presence of Zn(ll). This rate constant
exactly as described previousI2Z 27). is of the same order of magnitude as the true second-order

rate constant measured for the alkylation of the sulfhydryl
RESULTS . _ 1 -
group of glutathionel{ = 38 000 Mgy min~*) (41) and

Cysteine Thiolate Alkylation Profiles with the Model Zinc faster than the solvent-exposed Cys106 indhgubunit of

Finger Protein, Sp1-zfA stack plot of representative sections bacterial luciferasek(= 1670 M]éM min~—Y) under similar

For the Spl-zf experiment&)(Hs,ds) comprised less than
5% of the total species (expected valuexig% from the
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Zn,;Sp1-zf Table 2: Apparent Second Order Rates of Reactivity of Cysteine
o Pairs kapp in Individual Zinc Fingers in MTF-zf, MTF-zf26, and
Zinc Finger F2 Sp1-zf in the Presence and Absence of Bound BNA
HyHs  dsHs  dsds fold-
5 min ! ! protein Kapp (M gy Min~?) protection
b 1
10 min % M MTF-zf:  —MREd +MREd
@ : : F1 5.66 @ 0.35) 0.3040.01) 189
< 15 min ! N F2 1.42 (& 0.55) 0.34 4 0.16) 4.2
S ) ,,,JN\A/\-*NMW F3 3.80 @ 0.40) 0.72 4 0.14) 5.3
< 20min '_'«‘:/\/\A/\/.. | F4 2.50 ¢ 0.33) 0.71 4 0.21) 3.5
5 ; e F5 43.8 ¢ 3.3) 1.4040.21) 313
oy 2335 2340 2345 2350 F6 23.0 & 5.5) 2.51 ¢ 0.37) 9.2
N MTF-zf26
1 min ! M F2 2.02 (£ 0.14) 0.92 f 0.14) 2.2
e VAAAAR A 4 F3 3.39 ¢ 0.23) 1.61 4 0.10) 21
2 min i [ F4 12.8 (- 0.4) 5.94 (- 0.18) 2.2
. WNNWW“MM’\M« F5 22.3@1.2) 13.140.9) 1.7
3min g /\N\'\nm F6 24.7 ¢ 1.8) 15.0 & 0.8) 1.6
AP . . . . .
5 min i i Spl-zf
e AN AR A ; F1 3.25 @ 0.20) N.DS N.D.c
2335 2340 2345 2350 F2 3.26 ¢ 0.23) N.D¢ N.D.
F3 2.99 & 0.74) As=0.54 N.D° N.D¢
Mass (m/z) 67.1 @ 18.3) &= 0.46)
T T L L a Determined as described in Materials and Methods (see Figures 4,
1l o 5, and 7).k MREGIMRE ¢ Not determinedd Two rate constants
[ Spl-zf. F2 were resolvecf ?rom tﬂpese data (see text for details).
o8| O\
o AN (Cys—Pro—Glu—Cys—Pro) sequence, while F1 and F2 have
S o6l NG 1 Cys—X4—Cys sequenced8).
B — * : These control experiments with Zn(ll)-saturated Spl-zf
£ | ‘ ] show that the reactivity profiles of cysteine thiolate pairs
g 04 < ] within the three-finger domain fragment are nearly identical
- o \ 1 and follow the expected pseudo-first-order kinetics of alkyl-
02k 4 T ation, at least with F1 and F2 thiolates. Furthermore, the data
£ ] suggest that the distinct characteristic of F3 that leads to two
ol T resolvable kinetic phases has no effect on the neighboring
0 50 100 150 200 250 300 zinc finger domain F2, since the reactivity profile of F1 is
time (min) indistinguishable from that of F2. This result suggests that

the intrinsic reactivities of individual zinc finger domains

mass spectra for trypsin-digestedsZp1-zf (A), and Zg Spl-zf may not be s.trongly jnf[uenced by alkylation at neighboring

treated with excess EDTA (B) acquired as function ofdgNEM finger domains. This is the expected behavior of three
pulse time indicated on the left-hand side of the figure. The mass independently folded, noninteracting zinc finger domains that
spectral regions are shown for the;,Hs-, ds,Hs-, and ds,ds=  are connected by flexible tethers, which likely characterizes
derivatived F2 tryptic peptides of Sp1-zf. (C) Plot of the mol fraction uncomplexed Spl-zf well@, 44).

of the H;,Hs-F2 (©) andds,ds-F2 (@) peptide as a function afs- . ) . .. . .

NEM pZISIseStime(. 'I)'he solid line t%rznggrﬁ)the experimental dataisa  Cysteine Thiolate Reaetties in Indidual Zinc Fingers
least-squares fit to a first-order reaction (see Materials and Methods)in the Uncomplexed and the MREd-Bound Forms of Zn
defined by the rate constarkyp, = 5.4 (£ 0.3) x 1073 min~%. MTF-zf. The mass spectral peaks used for the quantitation
of the ds,ds-, Hs,ds-, and H;,Hs-alkylated peptides for each

of the zinc finger cysteine pairs of MTF-zf are given in Table
pulsed alkylation of the F1 thiolates in ZrSpl are 1. Note the excellent agreement between expected and
indistinguishable from that of the F2 cysteine pair, vih, observed masses (in most cases within 5 ppm). Figure 4
=5.3 (* 0.3) x 103 min~! (Table 2). In contrastto F1 and  shows a superposition of two independent experiments, with
F2, the alkylation profile for F3 thiolates in Zr5pl1-zf is selected regions of individual mass spectra shown for the
best described by a sum of two exponentials of approximately chymotryptic zinc finger peptides corresponding to zinc
equal amplitude, with the second slower phase=f 0.54) fingers F2 and F5, in the presence and absence of bound
indistinguishable from that of F1 and F2, witk,,= 4.9 (£ MREd oligonucleotide. From simple inspection of these data,
1.2) x 103 min~! (Table 2). The faster phasés(= 0.46) it is clear that the alkylation rate constant of F5 thiolates is
is ~21-fold faster, withksy, = 0.11 & 0.03) minm. greater than the F2 thiolates in the absence of the MREd.
Repeating this experiment in excess Zn(ll) has no effect (dataHowever, when bound to the MREkipth cysteine pairs are

not shown). The structural origin for the two distinct phases strongly protected from alkylation (see below). For each
of pulsed alkylation for F3 thiolates is unknown but may be finger fragment, the peak intensities were quantitated, and
reporting on two (or more) distinct conformations of F3 in the mole fraction of each specie®;f was determined as
Znz Spl-zf which coexist in solution. F3 of Spl-zf differs described under Materials and Methods. Representative plots
from F1 and F2 in that it is characterized by €y§,—Cys of the data obtained for F1 and F6 thiolate pairs are shown

Ficure 3: Selected regions of the pulsed-alkylation MALDI-TOF

solution conditions (pH= 7.0, 25°C) (42). The kinetics of
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Ficure 4: Selected regions of the pulsed-alkylation MALDI-TOF ) .
mass spectra for chymotrypsin-digesteq BITF-zf in the absence ~ FIGURE 5: Plot of the mole fraction of the &Hs- (A), ds,Hs- (O),
(upper two panels) and presence (lower two panels) of a 2-fold @nddsds- (@) derivatived MTF-zf F1 (A) and MTF-zf F6 (B) tryptic
molar excess of 23-base pair MREd oligonucleotide acquired as PePtides obtained as a function @NEM pulse time. The solid
function of theds-NEM pulse time indicated. The mass spectral in€ through the experimental data is a least-squares fit to a first-
regions for the Hs-, ds,Hs- and ds,ds-derivatived F2 (left) and ~ ©order reaction (see Materials and Methods) defined by the following
F5 (right) chymotryptic peptides are shown. rate constants and amplitudes: For MTF-zf F1, the disappearance
(right) chy yptic pept W of the Hs,Hs peptide is defined by the parameteeg, = 3.6
. . . 4 0.3) x 103 min~1, ®g = 0.75; for theds,Hs peptide Kapp, = 3.2
in Figure 5 in the absence of DNA. As can be seen, F6 Ei 0_1))XX 103 min"%, ®, = 0.18. The Sapi,gafance"agglds_m
thiolates are considerably more reactive than are F1 thiolates peptide is defined bitap,= 3.5 (= 0.2) x 103 min~1, @, = 0.07.
with an apparent second-order rate constant of . 0.4) The average rate constant from these three determinatidqg,is
-1 1 . -1 = 3.4 (* 0.3) x 103 min~1. For MTF-zf F6, the disappearance of
M.NE,“{ min fo.r F1 cysteines VErsus 23.6(55) Myey the Hs,Hs peptide is defined by the parametéss, = 1.66 @ 0.12)
min~1! for F_6_th|olates, or approxmatel_y 5-fold faster under % 102 mint, @ = 0.78; for theds,Hs peptide, kpp = 1.02
these conditions (Table 2). For comparison, the same analysig+ 0.13) x 1072 min", @ = 0.21. The appearance dé,ds-F1
for F3 thiolates giveskapp = 3.8 (£ 0.4) Mygy min~t or BeszUd?hIS defined bYtapp: 1i47t$t 0-1&]) x 1t?l‘2 mén‘tl, B9 s
) ; .25. The average rate constant from these three determinations is
about 8-fold slower that F6 cysteines. ke = 1.38 - 0.33) x 10°2 min-L

time (min)

Figure 6A shows a bar plot of the apparent second-order
rate constants obtained for the kinetics of the appearance oyith 2—3 zinc sites of relatively lower affinity and-34 of
the fully derivatizedds,ds-peptide for all of the finger domain high affinity. These pulsed alkylation experiments provide

cysteine pairs in MTF-zf in the presence and absence of yirect evidence that F5 and F6 are indeed the weak zinc-
bound MREd oligonucleotide. These data are also sum- binding fingers of MTF-zf £7), with finger domains F+
marized in Table 2. In contrast to Sp1-zf, the rate constants F4 forming very stable complexes with the metal

for pulsed alkylation are remarkably nonuniform. The data o ) S
suggest that uncomplexed @M TF-zf contains roughly two The reactivities of all finger domains in MTF-zf are
classes of reactive Cys pairs, with F5 and F6 thiolates far Strongly reduced when bound to the high affinity MREd
more reactive than the N-terminal four finger domains. ©ligonucleotide, with F6 becoming the most reactive finger
Interestingly, the metal complex formed by F1 appears to domain in the proteir DNA complex (Figure 6A; Table 2).

be slightly more kinetically labile than the F2, F3, and F4 These findings are consistent with previous near+@8D
complexes, but only by a factor ef2; this reaction rate is  studies that showed each of the zinc fingers in MTF-zf makes
also within a factor ok2 of that measured for the Sp1 zinc a detectable contribution to the structural changes induced
finger domains. These results are consistent with previousinto the MREd upon binding as well as to the overall binding
findings that identified at least two classes of zinc sites in affinity (27). Clearly, however, fingers FAF4 make the
MTF-zf based on their apparent affinities for Zn(I1BZ 27), greatest contribution to DNA complex stabilit@7).
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FiGUre 7: Binding isotherms of ZaMTF-zf (®) and Zry MTF-

zf26 (©) to a coumarin-labeled 23-base pair MREd-containing
oligonucleotide duplex of the same sequence as used panel A (81
nM duplex, 40 mM Mops, 0.20 M NaCl, pH 7.0, 2&). The solid
curve in each case defines a fit to a 1:1 binding model. For MTF-
zf, Ko = 1.05 & 0.17) x 10® M~%; rpmax = 0.273. For MTF-zf26,
Ka=1.03 & 0.15) x 10° M~ L; rax fixed at 0.268 (or comparable

to the change im with MTF-zf. The residuals are shown in the top
portion of the figure. MTF-zf @); MTF-zf26 (®).

the F4 domain thiolates in MTF-zf26 are highly reactive
towardds-NEM, with kappwithin a factor of 2 of the cysteine

pairs in the C-terminal finger domains F5 and F6. Further-
more, the protection afforded by MREd binding is far less

second-order rate constants measured for alkylation of cysteine pairghan that observed for cysteines in the MTF-zf-MRE complex

in each of the six zinc fingers for ZIMTF-zf (left side of figure)
and for Zry Sp1-zf (right side of figure, gray bars), the former in

the absence (gray bars) and presence (black bars) of bound MRE

oligonucleotide. (B) Bar chart plot of the apparent second-order

and is never larger than a factor of approximately two (Figure

d6B; Table 2), a result that suggests a significantly lower

equilibrium binding affinity for the MREd. Consistent with

rate constants measured for alkylation of cysteine pairs in each ofthis, a fluorescence anisotropy-based DNA binding experi-

the five zinc fingers for ZaMTF-zf26 in the absence (gray bars)

and presence (black bars) of a 2-fold excess of MREd oligonucleo-

tide. The same data are shown for;8p1-zf on the right side of
the figure for comparison.

Cysteine Thiolate Reactties in Indizidual Zinc Fingers
in the Uncomplexed and the MREd-Bound Forms of Zn
MTF-zf26, aAF1 Deletion Mutant.A recently proposed
functional model of MTF-1 activity invokes a special role
for zinc finger F1 in reversible activation of high affinity
MRE binding by low affinity Zn(Il) binding to this zinc
finger domain 28). This model makes the prediction that
F1 would have a lower affinity for Zn(Il) than the other finger
domains. Furthermore, functional characterizationA&f1
MTF-1 in vivo suggested that this form of intact MTF-1 is
a constitutive activator of MRE-driven reporter gene expres-
sion, a finding that makes the prediction thgf1l MTF-zf
would have high affinity for the MREd, whose binding
activity could not be modulated by exogenous Zn(ll). It was
therefore of interest to characterize sZAMTF-zf26 in our
pulsed alkylation experiments.

ment reveals that ZiMITF-zf26 binds to a coumarin-labeled
MREd oligonucleotidex~100-fold more weakly than MTF-

zf (Figure 7). In fact, the binding isotherm for MTF-zf26 is
not well modeled by a simple 1:1 binding model and may
be indicative of essentially nonspecific binding or two of
more MTF-zf26 monomers. Interestingly, the addition of 50
uM Zn(ll) to these binding assays increases the apparent
affinity of MTF-zf26 for the MREd sequence by a factor of
approximately 10 (data not shown). We conclude that
deletion of F1 from MTF-zf is markedly destabilizing, both
toward the structure of the uncomplexed zinc finger domain
and toward MTF-zf-MREd complex formation.

Evidence against Independent Reaitji of Cysteines in
Internal Zinc Fingers in MTF-Zzflf all the zinc fingers of
MTF-zf behave in solution as independent folded domains
connected by flexible tethers, the kinetics of reaction at each
thiolate pair should obey pseudo-first-order kinetics under
these conditions. A more detailed analysis of the kinetics of
alkylation of cysteine thiolates in MTF-zf F4, in particular
(Figure 8A), reveals that these progress curves are modeled
better by a sequential two-step mechanism

The apparent second-order rates of reactivity presented in

a bar chart format are shown in Figure 6B, which enables a

direct comparison with ZnMTF-zf (Figure 6A) carried out

A—B—C

under exactly the same conditions (see also Table 2). Theselefined by the rate constank§™ and k5™, with C corre-
data show that, as with MTF-zf, F2 and F3 are the slowest sponding to the doubly alkylated F4 peptide. If the value of

reacting finger domains in the molecule. In striking contrast,

one of these rate constants is constrained,tgp for the
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- L B | addition of 12 and 6 NEM groups per peptide chain,

1 L,\, o o A i respectively. The method we outline here is perfectly general,
i.e., any residue-specific reagent that results in a satisfactory

increase in the molecular mass of the protein can be used
. ] and, when carried out in a ratiometric mode is particularly
] powerful, since the quantitation of the kinetics of reactivity
relies only therelative, rather thanabsolute amounts of
deuterated and protiated peptides resolved by the mass
spectrometer. This mass spectrometry-based method is
exactly analogous to previously described radioisotope-based
ratiometric PH]/[*“C] acetylation used to probe the intrinsic
_ reactivities of lysine residues towaréH]- vs [**C]-acetic

o o
[e>) [e-]
T T
1 I

<
~

mol fraction (61)

0.2
MTF-zf: F4

0 50 100 ' 150- 200 250 300 anhydride 45)
time {min) General Considerations of the Application of the Tech-
L nigue to Zinc Finger ProteinsCanonical Cys—His, zinc

finger domains arex30-amino acid3fa structural motifs
that coordinate a Zn(ll) ion through the conserved Cys and
His side chains47). The two Cys residues are derived from
a short two-stranded antiparall@isheet, with the two His
side chains derived from the immediately followiaghelix.
The binding of Zn(ll) induces the folding of th#8a. structure
(47), which is further stabilized by a mini-hydrophobic core
packed on top of the zinc chelate in the junction region
between thggs- anda-structural domains4@). In solution
structural studies of the zinc finger proteins that contain
multiple, tandemly linkegBfa zinc finger domains, e.g., the
s a0 N-terminal three domains of TFIIIA44), there is little
time (min) evi(r:i]encbe for any ]Physical ashsociation E}etween finger domains
. in the absence of DNA. In this case, the intrinsic reactivities
I(:([)G)UdReEri\8/.a.ti;Ieolt\/|E|)'fFErz]feFnz?k;rgggol\r/]ﬁog-tz?%ﬁ&(B().t)ryi)rli?:d;?édp?tide of individual cysteine residues within a multifinger protein

as a function ofls-NEM pulse time. For MTF-zf F4, the solid line Wil be governed largely by two (local) factors: the solvent
through each set of experimental data is a least-squares fit to two-accessibility of the Satoms and the kinetic stability (or

mol fraction (G)i)

T | 1

0 50 100 150 200

step sequential model (see text for details), in which, was liability) of the Zn(Il)-S coordination bonds within a
constrained to the value fép, for MTF-zf F1 thiolates or 5.24 particular zinc finger domain. Inspection of the solution
1073 min~*, with ki?goptlml_zed to be 5.14% 0.44)x 10°min"%.  structures of isolated zinc finger domains from a variety of
For the MTF-zf26 F4 peptide, the solid line is a least-squares fitto ,teins suggests that although there may be small differences
a first-order reaction defined by the rate constdaf, = 7.6 (& : . -
0.2) x 1073 min~L. in local structure, the overall architecture of the domain is

) . R essentially constant. Thus, intrinsic reactivity of Cys thiolates
alkylation of F1 cysteineskfp, = 5.2 x 10" min ) t_hle in zinc finger domains may well be largely determined by
optimized value for the other is 5.#(0.4) x 10°° min™™. the stability of Zn(I1)-$ coordination bonds, particularly if

Thus, the reactivity profile of F4 thiolates (and to a lesser gne makes the further simplifying assumption that aatsm
extent F3 thiolates; data not shown) may well be dependent;jgq up in a metal coordination bond is a far poorer
in some way on the prior alkylation of F1 cysteine pairs; nycleophile toward electrophilic attack by NEM relative to
however, this conclusion _must be viewed with caut|on.smce. the transiently formed unliganded thiolate gro8g)( In this
these rate constants obviously do not represent a unique fitsimplest case, the relative rates of alkylation become a direct
to the data. Regardless of the molecular explanation, this eporter on the dissociation equilibrium of an individual
situation contrasts sharply with that c_)btalned fekrl finger Zn(l)-S” coordination bond. Although this was not rigor-
deletion of MTF-zf, MTF-zf26 (Figure 8B). Here, the qygly established in these studies, we have shown that Zn(ll)
derivatization of F4 thiolates clearly follows pseudo-first-  hinging to liganding cysteine thiolates reduces the alkylation
order kinetics and, as mentioned above, these cysteines argate constant in the model zinc finger protein Sp1-zfxhy
highly reactive (see Discussion). 1000-fold. It is important to point out, however, that if zinc
finger domains interact strongly with one another, or the local
DISCUSSION electrostatic screening effects among isolated zinc finger
In this paper, we present a new application of ratiometric domains are significantly differen#9), then the rates of
pulsed alkylation mass spectrometrg@8) to probe the pulsed alkylation by NEM will be a more complex function
residue-specific kinetics of reaction of cysteines in zinc finger of all of these factors.
proteins with a sulfhydryl-specific alkylating reagem; Although the solution structure of free intact Sp1-zf has
ethylmaleimide. Although NEM will potentially react with  not yet been reported, there is no evidence to suggest that
other nucleophiles, we could find no evidence for derivati- individual finger domains interact appreciably with one
zation of other amino acid residues under these solutionanother when not bound to DNA, particularly with respect
conditions, with fully alkylated MTF-zf or Spl-zf each to F2 and F343). Consistent with this, the slow rates of
characterized by a molecular mass consistent with the alkylation of individual cysteine pairs in 4nSpl-zf are
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remarkably uniform (Figure 6). Inspection of the average characterized by a reactivity that is slightly enhanced relative
solution structures of the F2 and F3 finger peptides of Spl- to F2, F3, and F4. In contrast, under all conditions, F2 and
zf reveals that in both domains, thé &om of the second  F4 thiolates are extremely slow to react, with the kinetics of
Cys in the Cys-X; or 4—Cys sequence is largely exposed to reactivity of F4 cysteines, in particular, better modeled by a
solvent, while the most N-terminal Cys is largely burid8)( sequential mechanism (Figure 8A). Characterizationfet
Interestingly, the Satom of the second Cys in the Cys MTF-zf26 suggests that the N-terminal F1 domain plays
X,—Cys in F3 appears somewhat more exposed to solventsome role in mediating this protection of F4 thiolates since
relative to that in the CysX,—Cys F2 domain; this of course  deletion of the F1 domain results in conversion of F4
depends to some degree on the nature and side chairhiolates to an alkylation profile that obeys pseudo-first-order
conformations of residues on the surface of the domain. In kinetics (Figure 8B), but reflective of a zinc complex that is
any case, we see no evidence for the accumulation of thekinetically quite labile (Figure 6). Although the interpretation
ds,Hs-derivatized peptide over the time course (hours) of the of this experiment must be viewed with caution, one scenario
experiment (Figure 5); this would be expected if the singly that would give rise to this behavior is one where nonadjacent
alkylated zinc finger domain was a stable intermediate that fingers F1 and F4 interact directly with one another, or
was slowly converted to the fullgs,ds-derivatized adduct.  alternatively, the presence of the F1 domain in MTF-zf
This suggests that once one of the cysteines in a zinc fingerstabilizes an intramolecular interaction between F4 and
structure is alkylated by NEM, the other cysteine in the€ys adjacent zinc domains. Only upon disruption of the F1
X2 or 4—Cys sequence becomes highly reactive, due presum-domain by alkylation do the F4 domain thiolates become
ably to metal dissociation, and is rapidly alkylated. This susceptible to alkylation. There is at least one example of a
behavior contrasts with what was found previously with Cys—His; zinc finger protein, mouse GLI, where it has been
Cys—His retroviral-type nucleocapsid protein zinc finger shown that adjacent fingers (F1 and F2) pack against one
domains, where a singly alkylated zinc finger peptide another, at least in the GLI-DNA complexXs). More
accumulated as in intermediate to a fully derivatized peptide detailed structural studies are required to substantiate this
(37). proposal.

Structural Conclusions for the Zinc Finger Domain of The MTF-zf:MREd CompleRrevious limited trypsinoly-
MTF-1. In contrast to that which was observed for Sp1-zf, sis experiments revealed that the N-terminal fingers of MTF-
the alkylation profiles for the each of the zinc finger domains zf are bound to the MREd in way in which these finger
in the zinc finger fragment of MTF-1 are remarkably domains are protected from proteolys?s); In contrast, the
nonuniform (Figures 46). The C-terminal fingers are far  C-terminal finger domains F5 and F6 (C-terminal to Arg260;
more reactive than the other N-terminal zinc finger domains see Figure 1) are readily digested to smaller fragments by
of the fragment, the latter of which are characterized by trypsin. This suggested that finger domains F5 and F6 may
alkylation rate constants quite similar to Sp1-zf. This finding not be as intimately associated with the MREd as the
is consistent with the idea that there is clear structural N-terminal fingers. On the other hand, near-UV CD, FRET,
heterogeneity among the zinc fingers of MTF-zf, and that and fluorescence anisotropy experiments suggested that
this heterogeneity can be detected at the level of Zn{ll)-S C-terminal fingers made a detectable contribution to the
coordination bonds. Cysteine thiolates in finger domains F5 structural changes induced on MTF-zf binding to the MREd
and F6 are far more reactive, which suggests the stabilitiesoligonucleotide, as well as the affinity and specificity of the
of these zinc chelates may well be lower. These domains proteir—DNA complex, perhaps through sequence non-
correspond to the two zinc domains from which bound Zn(ll) specific interactions7). Our pulsed alkylation experiments
can be lost upon extensive dialysi@2). One possible  reveal that the reactivity of all finger domains, including F5
interpretation of these findings is that the F5 and F6 do not and F6, are strongly protected from alkylation in the high
actually adopt stable foldefjfo-structures in the presence affinity MTF-zf:MREd complex. Strikingly, F5 thiolates go
of saturating Zn(Il) under these conditions. In fact, previous from the most reactive in the uncomplexed molecule to
far-UV CD studies were interpreted to suggest that one or within a factor of< 3 of F1—F4 cysteines (Table 2). On the
more of the C-terminal fingers adopts an alternative confor- other hand, F6 shows the lowest fold-protection upon MREd
mation under conditions of saturating Zn(I1B7). Hetero- binding and is 5-10-fold more reactive than FiF4 thiolates
nuclear NMR studies of a peptide fragment encompassingtoward alkylation by NEM in the complex. These results
the C-terminal F4, F5, and F6 finger domains, MTF-zf46, are fully compatible with previous studies and strongly
show that F4 and F6 do indeed ad@ipo- structures, with suggest that F5, and to a lesser extent, F6 zinc finger domains
F6 characterized by a lower affinity as determined by in a interact directly with the DNA. A recent proposal for
zinc titration experiment with apo-MTF-zf46(). Further- structure of the MTF-zf:MREd complex places these finger
more, at saturating Zn(Il), F5 apparently doest adopt a domains downstream of the highly conservéd@6CRCNC
stablefo-structure but is instead in equilibrium with an core sequence element, overlapping the flanking GC-rich
alternative, as yet undefined, conformati®@@)( This might subdomain of the high affinity mMRE®B).
explain its enhanced reactivity relative to F6. Regardless of ~ Although the differences are small, the N-terminal finger
the structural details, these data suggest that the stability ofdomain F1 becomes the least reactive in the pretMREd
F5 is even less than that of F6 with both domains far less complex and is also characterized by the second largest fold-
stable than that of the N-terminal fingers; this would give reduction in alkylation rate constant, of nearyl9-fold
rise to the observed strongly enhanced reactivities of F5 and(Table 2). This suggests that F1 is intimately associated with
F6 thiolates toward NEM. the DNA and may play a key role, directly or indirectly, in

More detailed inspection of the alkylation rate profiles of organizing the MTF-zf on the MREd in such a way that high
free Zny MTF-zf reveals that the N-terminal finger F1 is affinity binding results. Consistent with this idea is the



15174 Biochemistry, Vol. 40, No. 50, 2001

finding that theAF1 MTF-zf26 binds quite weakly to the
MREd, as measured directly by fluorescence anisotropy
binding experiments (Figure 7) and the extent of protection
of the cysteine thiolates from alkylation by NEM in the
proteir—-DNA complex (Figure 6B; Table 2). Thus, F1
appears to play a critical role in stabilizing the overall
structure of zinc finger fragment of the MTF-1, as well as
in MTF-zf:MREd complex formation, either directly or
indirectly. Recent studies of “finger-swap” mutants of Sp1-

Apuy et al.

necessarily dictated by thermodynamic stability of metallo-
regulatory zinc complexes and may well be under kinetic
control G3). In any case, Zn(ll)-loaded F1 clearly plays a
critical role in stabilizing the proteiaDNA complex. In fact,

the affinity of MTF-zf26 is comparable to that of MTF-zf13
under the same solution conditions and may be indicative
of essentially nonspecific bindin@T). The implication of
these results is that F1 and F4 play key roles in maintaining
high affinity and specificity of binding by the zinc finger

zf suggest that the C-terminal F3 zinc finger plays a primary fragment of MTF-1. Further studies are required to better
role in maximizing the complementarity of the interactions understand how and to what extent the zinc finger domain
between the nonadjacent F1 zinc finger and DNA major of intact MTF-1 mediates the zinc metalloregulation of MRE

groove 62). A primary role of F1 in MRE-binding by MTF-1
is in contrast to a recent report that suggested that deletion
of F1 from intact MTF-1 results in a protein that binds the

binding in vitro and transcriptional activation in mammalian
cells in vivo.

MREd constitutively, at least as measured by gel mobility ACKNOWLEDGMENT

shift assays in crude cell extractag}.
Implications for the Mechanism of Metalloregulation by
MTF-1. Our findings establish that F5 and F6 zinc finger

We thank Dr. Larry Dangott of the Protein Chemistry
Laboratory at Texas A&M University for performing the
N-terminal sequencing of recombinant MTF-zf26 and Pro-

domains form less stable zinc chelates at equilibrium or are fag50r paul Fitzpatrick for helpful discussions.
characterized by enhanced rates of microscopic dissociation

of Zn(I1)-S” coordination bonds, relative to other domains
of the molecule. If the mechanism of zinc-dependent
activation of gene expression lies principally at the level of
activation of DNA binding by reversible binding of Zn(ll)

to weak binding fingers of the molecule, these findings
implicate zinc finger domains F5 and/or F6 as playing a
functionally important roles in transcriptional activation in
vivo. However, recent mammalian cell transfection experi-
ments in which “missing-finger” and “broken-finger” mutants
of F5 and F6 in mMTF-1 were characterized showed
essentially no diminution of the ability of zinc to activate
MREd binding in gel mobility shift assays, and in one case,
appeared to have no effect on the zinc-induced transcriptional
activation @4, 28). Thus, the functional roles played by F5
and F6, under conditions of overexpression in mammalian
cells, therefore remains unclear. In contrast, F1 (like F2, F3,
and F4) have been shown to play important roles in
functional activity of MTF-1, since broken-finger mutations
deposited in F1, F2, F3, or F4 appeared to block MRE
binding in vitro. A more recent report suggested that apo-
F1 plays a negative regulatory role in modulating the MREd
binding affinity of MTF-1; under conditions of low Zn(ll),

F1 contains no bound Zn(ll) and physically occludes DNA
binding by DNA-binding fingers F2, F3, and F4. When F1
is loaded with Zn(ll), this negative repression is removed,
and high affinity binding result22@). Deletion of F1 removes
this negative regulation and creates a zinc-independent
constitutive activator. These results make the prediction that
F1 binds Zn(ll) weakly, and its deletion wouldot be
detrimental to high affinity MREd binding. Our pulsed
alkylation experiments are not strongly supportive of either
prediction. Although our results do suggest that reactivity
of F1 can be distinguished from F2, F3, and F4, the effect
is small; in fact, the alkylation rate constant for F1 thiolates
is within a factor of 2 of that of the Spl-zf zinc finger
domains. This does not rule out a regulatory role for F1 based
solely on differential affinity for Zn(ll) since, in particular,

it is not yet known how flanking regions might influence
the Zn(ll)-binding properties of individual zinc fingers.
Furthermore, if recent studies from prokaryotic systems can
be extended to mammalian cells, zinc homeostasis is not
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