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ABSTRACT. MRE-binding transcription factor-1 (MTF-1) contains six GY¥4is; zinc finger sequences,

and it has been suggested that the zinc finger domain itself may function as a zinc sensor in zinc-activated
expression of metallothioneins (MTSs). Previous work has shown that a satde#] of the zinc fingers

in MTF-zf play a structural role in folding and high-affinity metal-response element (MREd) binding,
while one or more other fingers have properties consistent with a metalloregulatory role (weak zinc binding
affinity in the absence of DNA). We show here that zinc fingers 5 and 6 correspond to the weak zinc-
binding fingers in MTF-zf. Limited trypsinolysis of a Z4MTF-zf:MREd complex gives rise to a highly
protease-resistant core fragment corresponding to amino acids2687or N-terminal zinc fingers-14

of MTF-zf. Characterization of a collection of broken-finger (HisAsn) and missing-finger mutants of
MTF-zf reveals that deletion of zinc fingers 5 and 6 to create MTF-zf14 attenuates MREd binding affinity
(~20-fold), while deletion of fingers 46 (MTF-zf13) results in a further 20-fold reduction of binding
affinity with a nearly complete loss of specificity. Circular dichroism studies reveal that the binding of
MTF-zf to the MREd induces a dramatic alteration of the structure of the MREd from a B-form to a
double-helical conformation with A-like features. Formation of stoichiometric complexes with MTF-
zf14, H279N QAzf5) MTF-zf, and MTF-zf13 induces comparatively less A-like structure. Steady-state
fluorescence resonance energy transfer (FRET) spectroscopy has been used to globally define the orientation
of the multifinger MTF-zf on the MREd. These experiments suggest that fingedsate oriented on the
highly conserved TGCRCnC side of the MREd with fingersgbbound at or near the gGCCc sequence.
These findings are consistent with a model in which the N-terminal zinc fingers in MTF-zf are required
for high affinity and specific binding to the consensus TGCRCnC core in a way which is subjected to
structural and allosteric modulation by the weak zinc-binding C-terminal zinc fingers.

All organisms have evolved regulatory mechanisms to metals, are two common regulatory mechanisms used to
effect heavy metal ion homeostasis, defined as maintainingmaintain the concentration of an essential metal ion in the
the concentration of essential metal ions, such as zinc, copperacceptable range.
and iron, at levels that are optimal to cellular metabolism,  Wwith the prominent exception of iron regulation in mam-
coupled with the expulsion of toxic metals, e.g., mercury, malian cells 4), nearly all of the cell-type-specific regulatory
cadmium, and arsenates, which play no biological r8)e (  mechanisms associated with the control of gene expression
Distinct control mechanisms for the homeostasis of essentialin metal homeostasis operate transcriptionady (n many
metal ions are known to operate depending on whether thecases, the transcription factors which bind specifically to cis-
cell senses that there is limiting or excess free metal acting DNA elements positively or negatively regulate the
concentrations present intracellularly. In general, under metal-expression of these genes and are allosterically activated or
deficient conditions, the transcription of genes which encode inhibited by the direct binding of metals to the transcrip-
for membrane uptake and intracellular transport proteins is tion factor itself 6, 6). These transcription factors are
activated which enables the cell to efficiently scavenge metal therefore metalloregulatory molecules, which selasel
from the environment and utilize it. Under conditions of transduce the biological response to a metal-deficient or
excess metal, the expression of genes encoding specific metahetal-excess condition. The paradigm for this type of
export pumps (e.g., P-type ATPases which function as regulatory control remainEscherichia coliMerR, which is
membrane transporters) or highly specific, intracellular metal a transcriptional repressor of the expression mercuric reduc-
chelators such as metallothioneins in cyanobacteria andtase in the absence of toxic mercury but becomes a positive
vertebrate cells and phytochelatins in plants, which sequesteractivator in the presence of mercurg)(The specificity of
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known to exist. These are the ArsR familg) (and two for regulation of glutathione biosynthetic genes, linking zinc
families of iron-dependent negative repressor proteins, thehomeostasis with the maintenance of an appropriate redox
Fur and Fur-like proteins from gram-negative bacteia (  potential inside cells33) consistent with previous findings
10) and DtxR-related repressors from Gram-positive bacteria that oxidative stress also activates MTF-1 MRE-binding
(1D); in no case has it been quantitatively determined, with activity (34). Although other toxic heavy metals, including
the exception of MerR 12), the extent to which these cadmium, are also know to induce the expression of
regulatory factors are specific for one type of metal ion over metallothioneins (MT-I) in vertebrate cell8%), it now seems
another. clear that this induction is mechanistically distinct from zinc-

Zinc plays essential and ubiquitous catalytic and structural dependent induction and does not require MTRG38).
roles in all of biology, present at the active sites of many  Several reports suggest that MTF-1 itself is a zinc sensor
hydrolytic enzymes and as an integral tertiary structural which exhibits increased DNA binding activity upon zinc
element in many proteins, most prominently exemplified by treatment in vivo and in vitro29, 36. In previous work
zinc finger proteins13—15). Zinc-specific metalloregulation  from our laboratory, we reported that the Gy4is, zinc
has been documented to occur in all organisms in which it fingers of a zinc finger domain fragment of MTF-1 (denoted
has been sought, including mammalian cdll (plants (7), MTF-zf) are physically and functionally inequivaler®)( A
yeast (8), and bacteria{9-21). Zinc metalloregulatory  subset £3—4) of zinc fingers plays a structural role in
transcription factors have been identified, cloned, and folding and high-affinity binding to zinc, while one or more
partially characterized from a variety of cyanobacter2d,(  additional fingers have biochemical properties potentially
23) and other eubacterial organisms which mediate the consistent with a metalloregulatory role. Here, we show that
response of cells to both zinc-deficient and zinc-replete the high-affinity zinc binding fingers of MTF-zf correspond
conditions (0, 19. E. coli (19) and Bacillus subtilis(10) to the N-terminal fingers 44, and when bound to the MRE,
Zur are evolutionarily related t. coliferric uptake repressor  an N-terminal fragment of MTF-zf encompassing all of zinc
(Fur) (24), which regulates the iron-dependent repression of fingers 14 is strongly protected from proteolysis; this
iron-uptake systems, and appear to be zinc-activated repressuggests that fingers—# and 5 and 6 make distinct
sors of high-affinity zinc-uptake pathways in these cells. The interactions with the MRE. Fluorescence resonance energy
cyanobacterigBynechococcuf5) and Synechocysti$23) transfer experiments have been used to define the overall
encode homologous repressor molecules which regulate theprientation of MTF-zf on the MRE. Previous studies showed
expression of metallothionein and an apparently zinc-specific that zinc occupancy of the weak binding C-terminal fingers
export pump, respectively, the expression of which is dere- does not detectably alter the affinity of complex formation
pressed under conditions of zinc excessSatcharomyces  provided the Cys are in their reduced st&e Here we make
cerevisiae, Zaplp is a zinc-regulated transcription factor the striking finding that deletion or mutation of fingers 5
which actives the expression of both high- and low-affinity and 6 results in a loss of MREd binding affinity and
zinc uptake systems under zinc-limiting conditio@§)( In specificity, each of which is strongly correlated to a pro-
mammalian cells, zinc homeostasis appears to be largelynounced conformational change in the MRE, from a typical
maintained by the zinc-dependent transcriptional regulation B-form structure to a conformation with features like A-form
of metallothionein (MT) gene<(), which requires the inter-  polynucleotides. This suggests the possibility that allosteric
action of metal-response element (MRE)-binding transcrip- metalloregulation in this system may lie in part at the level
tion factor-1 (MTF-1} (28, 29 with metal-response elements  of DNA conformational changes.
(MRESs) 30) situated upstream of zinc-inducible genes.

Both S. cereisiae Zaplp €6) and MTF-1 (L6) contain MATERIALS AND METHODS
multiple, canonical TFIlIA-like CysHis, zinc fingers 81),

one or more of which have been hypothesized to play a direct X
role in zinc metalloregulation16, 33. However, their 246, PTZTMTF-H279N, and pT7MTF-H309Bacterial ex-

regulatory mechanisms have clearly diverged since Zap1pPression plasmids, pT7MTF-zf14 (expressing residues-137
is a transcriptional activator, the activity of which is induced 2°9): PT7MTF-zf13 (expressing residues ¥229), and
under zinc-limiting conditions, while MTF-1 is a transcription PT7/MTF-zf46 (expressing residues 22820) of human
activator whose activity is induced under conditions of zinc MTF-1, were constructed by amplifying a DNA fragment
excess. MTF-1 is a constitutively expressed protein in mouse V12 thé polymerase chain reaction using the cDNA plasmid
and human cells o¥80 kD that contains six CyHis;, zinc PChMTF-1 (obtained from Dr. W. Schaffner, University of
fingers and multiple domains for transcriptional activation ZUrich) as the template. The PCR primers incorpor&ted
(29). The disruption of both alleles of the MTF-1 gene in andBglll restriction endonuclease sites, to permit subcloning
mouse embryonic stem cells by homologous recombination ©f the crude PCR product directly inkéca/BarHI-restricted
showed that the resulting null mutant cell line fails to produce PET-3d- The 39PCR primer also (gwects substitution ozothe
detectable amounts of MTF-2). Moreover, due to the ~ C-terminal Ph&° (MTF-zf14), Phé? (MTF-zf13), and Tyf

loss of MTF-1, the endogenous metallothionein | and Il genes (MTF-2f46) of MTF-1 with Trp. _
are silent, indicating that MTF-1 is essential for basal and A PCR-based mutagenesis procedure was used to substi-
heavy metal-induced metallothionein gene express?@p ( tute the first conserved histidine of MTF-zf zinc finger 5

A recent report shows that the MTF-1 and MREs are required and 6 with a nonliganding asparagirg9) to create broken-
finger (40) mutants H279N and H309N MTF-zf, respectively.

! Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); MOPS, PChMTF-1 was used as template for PCR amplification. For

3-(N-morpholino)propanesulfonic acid; MRE, metal-response element; €aCh mutation, two sets _Of overlapping primers were used
MT, metallothionein; MTF-1, MRE-binding transcription factor-1. to generate two overlapping PCR fragments. One fragment

Construction of pT7MTF-zf14, pT7MTF-zf13, pT7TMTF-




MTF-1 Zinc Finger Domain Mutants Biochemistry, Vol. 38, No. 39, 19992917

was amplified with a primer which is complementary to 5 B B a

end of the MTF-zf gene (bearing &td site, 3-TTA TGA 3 - T

CCA TGGTAA AGC GGT ACC AAT G-3) and corre- ¥V XRY@errEccerRTysSTAGHLATRQRTRRGE T
Sponding reverse prlmer'(SZGAACG TTAGTTTTA YTFVCNQEGCGKAFLTSHSLRIHVRVHTEKE F2
AGG-3 for MTF-H279N and 5AGA TCT TTA CTA CCA

TGAGTG TCC TTT GTT ATC ATG ACC TTT CAT GTT KPFECDVOGCEXAFNTLYRLKARQRLAETG I3
ACT TTT G-3 for MTF-H309N). The other fragment was KT NCESEGCSKYFTTLSDLRKHIRTHTGE Fd

amplified using the appropriate forward primer (e.¢-C&T

TAA AAC TAA CGT TCG-3' for MTF-H279N) and a OO T Ly o~

reverse primer complementary to theedd of the MTF-zf kP R CDHDGCGKAFAASHHLK Py nenTeE s
gene (containing 8glll site, 5-AGA TCTTTA CTA CCA
TGA GTG TCC TTT GTT ATC ATG ACC-3). The two

fragments were amplified separately and then mixed and used RPFFCPSNGCEKTFSTOYSLK o keuDNE  Fe

W259-COOH (MTF-zf14: 137-259) N279 (H279N MTF-zf)

to make a full-length PCR fragment usingesd and 3end 320 Y00 k309 MTF
primers with the CAC codon encoding the appropriate G H S y-cooH

histidine residue changed to AAC codon encoding aspar- W320 (MTF-20)

agine. The full-length PCR products were the blunt-ended

with Klenow treatment, cloned into tf&ma site of pKAN2, Ficure 1: Amino acid sequences of MTF-zf, missing-finger

_Aall ‘o mutants MTF-zf14 and MTF-zf13, and broken-finger mutants
and screened on X-gal-containing agar plates 42l 1579\ \iTE 7f (A2f5) and H309N MTF-zf Azf6). Missing-finger
kanamycin). White colonies were chosen for amplification, ., tant MTE-zf46 corresponds to residues 23@0 with the Trg2°

and miniprep DNA was digested witNcd and Bglll to substitution.
identify plasmids containing inserts. Subsequently Nbd-
Bglll fragment in each case was subcloned into the T7
expression vector, pET-3d, restricted wiNlkd and BanHl.

Consensus 5’'-ctnTGCRCnCgGCCc

The integrity of all recombinant pET expression vectors was MREd1* 5’-GAGCTCTGCACTCCGCCCGAAAA

verified by sequencing using Sequenase (USB). LCTCGAGACGTGAGGCGGGCTTTT-5"
Purification of MTF-zf14, MTF-zf13, MTF-zf46, H279N-

MTF-zf, and H309N-MTF-zfAll MTF-zf protein mutants MREd2* 5’ -GAGCTCTGCACTCCGCCCGAAAA

were expressed ik. coli BL21(DE3) and purified using CTCGAGACGTGAGGCGGGCTTTTL-5 '

nondenaturing conditions essentially as described previously

for MTF-zf (2). Various aliquots of this material were MUT1  5’-GAGCTCTGCACTCCGGAGGTAAA

subjected to exhaustive dialysis in an anaerobic glovebox CTCGAGACGTGAGGCCTCCATTTL-5 '

(Vacuum-Atmospheres, Inc.) against metal-free buffer at pH

7.0, involving 4 changes over 8 h, and the zinc content and MUT2  5'-GAGCTCCCATTTACGCCCG

number of reduced cysteines were determined by flame CTCGAGGGTAAATCCGGCCTTTTL-5
atomic absorption and DTNB reactivity anaerobically, re- -
spectively, usingego = 14 600 Mt cm™* for MTF-zf14, FIGURE 2. Sequences of the DNA duplexes used in this study. The

€280 = 12 800 Mt cm™? for MTF-zf13, €250 = 9 200 M1 L represents the coumarin moiety.
cm ! for MTF-zf46, €230 = 16 400 M cm* for H279N-
MTF-zf and H309N-MTF-zf, essentially as describel]. ( 4800 spectrofluorometer operating in the steady-state mode
Analytical data show that MTF-zf14 contained 8 reduced fitted with Glan-Thompson polarizers used in the L format
cysteines, while 6 reduced cysteines were found for MTF- exactly as described previousl®)( Nonlinear least-squares
zf13 and MTF-zf46, withee12 reduced cysteines for H279N  fits to these binding isotherms to extr&Gh, andr complexwere
and H309N MTF-zfs, consistent with predictions from the carried out assuming a 1:1 binding stoichiometry (consistent
amino acid sequence. The Zn(ll) contents of these proteinswith stoichiometric titrations)Z) and a linear change inps
were 3.0 (3 expected), 3.2 (4), 2.7 (3), 438-6), and 3.6 with fractional saturation of the DNA. For reasons described
(3—5) g at mol?! for MTF-zf13, MTF-zf14, MTF-zf46, previously @), the small change in the quantum yield of the
H279N-MTF-zf, and H309N-MTF-zf proteins, respectively. oligonucleotide observed in some cases upon protein binding
Preparation of Coumarin-Labeled DNAE&rude oligo- was neglected and ramps VS [MTF-zflira iSOtherms were
nucleotides were obtained from Operon Technologies, puri- fit directly.
fied by denaturing PAGE, modified with 7-(diethylamino)- For experiments in which binding of MTF-zf and MTF-
coumarin-3-carboxylic acid, succinimidyl ester (Molecular zf14 to MREd was monitored by fluorescence resonance
Probes), purified by C4 reverse phase HPLC and desaltedenergy transfer (FRET) from the C-terminal tryptophan donor
by C18 cartridge elution exactly as described previo®ly (  to the coumarin acceptor, full sensitized emission spectra
To prepare the duplexes shown in Figure 2, the purified were collected for the appropriate coumarin-labeled MREd
coumarin-labeled oligonucleotides were annealed to their (MREd:1* or MREd:2*; see Figure 2) as a function of added
complementary unlabeled strands (1.05:1 unlabeled to labeledVMTF-zf or MTF-zf14 upon excitation at 295 nm (4 nm slit)
strand) at 95°C for 5 min in 10 mM Tris-HCI, pH 7.5, (42). Corrected coumarin emission spectra (scanned from
followed by slow cooling at room temperature. Duplexes either 306-550 nm or 425-525 nm) were obtained by first
used in this way were used without further purification. subtracting the buffer-only emission spectrum, followed by
Fluorescence Measurementdl fluorescence polarization  subtracting the contribution of Trp fluorescence; the resulting
binding experiments were carried out with an SLM 8000 or spectrum was then corrected for dilution and inner filter
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effects due to protein absorption. The efficiency of FRET
when the coumarinlabeled DNA is saturated with bound
protein €) is related to the fluorescence intensify dex =
295 nm)of the coumarin acceptor in the preseri€g) @nd
absenceK,) of the donor quantified at, = 478 nm, the
qguantum vyield of the acceptor in the presengg and
absence@,) of donor when only the acceptor is excitédy(

= 430 nm), and the absorbance of the accept@Ctr) and

of the donor é4..Cor) at the excitation wavelengthl{ =
295 nm), according to4Q) the following:

E=
[€ad A1) Car/egaA1) Corll(( QY Qag) (FadA2)/Fo(42) — 1]
(1)

€ad Was calculated from a difference molar absorption
spectrum obtained from subtraction of an unlabeled MREd
spectrum from the coumarin-labeled DNA spectrum to obtain
the contribution due only to the acceptor dye. For MREd:
1*, €ga = 18950 M! cm™!, while, for the MREd:2*
oligonucleotidegqa = 11 600 Mt cm. e, for MTF-zf and
MTF-zf14 was calculated from a molar absorptivity spectrum
of each protein used to obtain the quantum yielQg) (Of

the Trp donor in each case. For MTF-zf, = 3524 M!
cm L, for MTF-zf14, €qa = 3084 M~ cm™L. E, in turn is
related toR, the donor-acceptor distance, ar}, the critical
Forster distance where energy transfer is 50% efficient,
according to

R=R(E '— 1) )

where

R, = 9790(°n"*Q,J) (3)

wherex? is the orientation factom is the refractive index
(taken as 1.4)Qq is the quantum yield of the donor, add
is the spectral overlap interval (in units of ™ cm?),
calculated as previously describetB).

Circular Dichroism Spectroscopynless otherwise indi-
cated, far-UV-CD spectra were collected on an Aviv 62DS
spectropolarimeter operating at 25100.1 °C in a 1-mm
rectangular cell with an MTF-zf concentration of- 8 uM
in 6 mM sodium phosphate, pH 7.0, and 0.20 M NaF.
Typical acquisition parameters vee? s time constant, 1 nm
bandwidth, and 410 replicates. In the MREd-containing
samples, the DNA concentration wag:¥ with sufficient
protein present to ensure saturation of the DNA%Imolar
equiv), based o4, determined from fluorescence anisot-

Chen et al.
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Ficure 3: SDS-polyacrylamide gel electrophoresis analysis of the
time course of trypsinolysis of ZnMTF-zf in the presence of
stoichiometric MREd. Conditions: 38V MTF-zf; 40 mM MOPS;

pH 7.0; 0.20 M NaCl.

for 5 min, and returned to ice. The digestion products of the
time course of proteolysis were then subjected to SDS
PAGE analysis on a 16% SD$AGE mini-gel, and then
transferred to PVDF membrane for N-terminal sequencing.
The digestion product purified by reverse-phase C4 chro-
matography was characterized by MALDI-TOF.

RESULTS

The isolated zinc finger domain of human MTF-1, MTF-
zf, contains at least two classes of zinc sites which are readily
distinguished on the basis of the apparent affinity of each
for zinc (2). One class of sites contains-8 g at mot*
Zn(ll) and appears to bind zinc tightly; the zinc in the
remaining sites is selectively lost upon dialysis or treatment
with a chelator with modest affinityx10" M~1) for Zn(ll)

(2). In addition, the affinity of complex formation with the
MREd appeared to be nearly identical withsgrand Zny
MTF-zf proteins and far-UV-CD spectra suggest similar
structural contents in both forms of MTF-zf, apparently
enough to fold just three or four of six zinc fingers of
MTF-zf into typical fa units Q). This suggested to us that
3—4 of the zinc fingers of MTF-zf play a structural role in
folding and high affinity DNA binding. Experiments were
therefore designed here to determine which zinc finger
domains of the molecule correspond to each class of sites.

Limited Trypsinolysis ExperimentBo obtain this informa-
tion, Zrng MTF-zf was subjected to limited proteolysis with
trypsin in the presence and absence of a stoichiometric
concentration of MREd, and the digestion products were
analyzed by denaturing SBDAGE (Figure 3). In the
absence of DNA, MTF-zf was converted to a mixture of
products, with a fragment containing approximately three
zinc finger domains a somewhat overrepresented intermediate
observed during the time course of proteolysis (data not

ropy titrations. All spectra were baseline corrected by shown). In contrast, in the presence of the MREd, the MTF-
subtraction of an averaged scan derived from the buffer alonezf is cleanly converted to a fragment with a molecular weight
and are presented in units of mean residue (amino acid orof ~15 kD which is highly resistant to further proteolysis.
nucleotide as appropriate) ellipticit§]jure (deg cn? dmol1). There are no other proteolytic fragments of lower molecular
Limited Trypsinolysis Experiment&ne microliter of 1 weight apparent even aft@ h of trypsin incubation. This
uglulL trypsin was added to a 3oM MTF-zf (6 Zn?" or 3 DNA-protected digestion product was purified and character-
Zn?* protein) solution (65:L) (0.5 mgikmol of protein) to ized by amino acid analysis, N-terminal sequencing to give
which 21.8uL of a 118 um MREd was added (the molar  N-Val'*®’-Lys-Tyr-GIn-X, and TOF-MALDI mass spectrom-
ratio of MTF-zf to MREd is 1:1.1) at room temperature in etry which returns @/, = 14455.8. This characterization
40 mM MOPS, pH 7.0, and 0.20 M NaCl. The iP- establishes this protected fragment as containing residues
aliquots were withdrawn at 0, 60, 90, 120, and 180 min and 137—260 (expectedVl, = 14443.4) with a major site of
added to ice-cold SDSpolyacrylamide gel electrophoresis tryptic cleavage following Aréf% just C-terminal to the
gel loading buffer, mixed and immediately heated at@5 canonical TGEKPF linker connecting fingers 4 and 5 (cf.
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0.24 T : ment, which is carried out in air in the absence of reducing
E agent, the Cys in this protein become partially oxidized, con-
sistent with the binding affinities observed (data not shown).
To probe the DNA binding specificity of these interactions,
two additional oligonucleotides were employed. One is
MUT1 DNA, which contains four base pair substitutions on
the 3 or CG-rich side of oligonucleotide, three of which
reside within the consensus sequence (cf. Figure 2). A
promoter element containing four tandemly arranged MUT1
sequences has been previously shown to be largely inactive
] in metalloregulation in vivo and fails to band-shift MTF-1
0.225 N ! present in crude nuclear extraci®). The other oligonucle-

0.235

r (anisotropy)

0.23

0 5107 110°° 1.5 10°° otide is MUT2, which contains six base pair substitutions
[MTF-zf14] (M) on the 5 or TGCAC side of oligonucleotide3@). As can be

FiGURE 4: MTF-zf14 binds to a coumarin-labeled oligonucleotide seen in Table 1, deletion or mutagenesis of fingers 5 and 6
duplex containing a single MREd binding site (MREd:2*) consistent not only has a large effect on the binding affinity of MTF-

et 40t 10D, 525 WAl P 5 fhe skt 1 Wikype MREQ sequence bul sppears 10 hve a
line defines a fit to a 1':1'binding model wiflﬁ; —'79x 10° significant effect on the specificity of the interaction, with
M-L. ® MTF-zf13 having lost much of its ability to differentiate

among functional and nonfunctional MRE molecules. Iso-
Figure 1). Similar results were obtained witheZand Zny 5 lated Zn MTF-zf46 exhibits no detectable affinity for the

forms of MTF-zf-MREd complex (data not shown). MREd under these conditions, consistent with the N-terminal
Characterization and MRE-Binding Aetly of MTF-zf14, fingers playing a major role in DNA binding (Table 1).
MTF-zf13, H279N-MTF-zf, and H309N-MTF-Zhe results Far-UV-CD Spectra of MTF-zf Deratives Previous far-

of trypsinolysis experiments show that the N-terminal four UV-CD spectra obtained for intact MTF-zf were found to
zinc fingers of MTF-zf are resistant to proteolysis upon be nearly indistinguishable for the Zg Zns s, and partially
binding to MREd, with finger domains five and six less so. oxidized forms of the protein2j. Far-UV-CD spectra of
We next carried out experiments to address the relativeintact Zrs MTF-zf are shown compared to that of missing
importance of fingers 46 in stabilizing the MTF-zf-MRE finger mutants, MTF-zf14, MTF-zf13, and MTF-zf46, in
complex. Broken-finger 44) and missing-finger (finger  Figure 5A. Both MTF-zf14 and MTF-zf13 finger deletion
deletion) mutants of MTF-zf were prepared and character- molecules are characterized by similar spectra, each of which
ized. Deletion mutants MTF-zf13 and MTF-zf14 contain only - shows significantly more negative ellipticity per residue than
the N-terminal three and four zinc fingers, respectively, with that of MTF-zf, which itself is identical to previously
a C-terminal Trp engineered into each mutant (see Figurepublished spectra2]. In contrast, MTF-zf46 contains the
1). MTF-zf14 is nearly identical to the protected fragment smallest amount of negative ellipticity. Strikingly, summing
generated by limited proteolysis of the MTF-zf:MRE com- the spectra of ZnMTF-zf13 and Zn MTF-zf46 largely
plex (Figure 3), with the polypeptide chain one residue recapitulates the spectrum of the entire; KATF-zf domain
shorter (corresponding to residues ¥259) and containing  (Figure 5B). This confirms the structural independence of
a Phé>® — Trp*° substitution to facilitate FRET studies each three finger fragment within the intact zinc finger
(Figure 1). MTF-zf46 contains the three C-terminal zinc domain. The structural origin of these spectroscopic differ-
fingers. The two broken finger mutants are H279N MTF-zf, ences are unknown; however, one possible explanation is
which changes the first liganding histidine in finger five, that the N-terminal 3 and 4 fingers are folded irft8o.-
His?’® to a nonliganding39) asparagine (MTRAzf5), and structures, while the C-terminal fingers 5 and 6 adopt
H309N MTF-zf, which introduces the same substitution in partially folded or non3fa structures. Far-UV-CD spectra
zinc finger 6 (MTFAZzf6) (Figure 1).

The eXten_t to which varlous MTF_'ZfS bind to a 23 base 2 A quantitative analysis of the far-UV-CD spectra was carried out
pair coumarin-labeled oligonucleotide duplex harboring a using the SELCONS3 algorithm and data extending to 180 timig
single MREd consensus sequence (MREd:2*; cf. Figure 2) all cases, the root-mean-square (rmsd) difference in the calculated and
was determined using a fluorescence anisoliopy assay. ASeriTEnalspect ves sty sbovs opel b ualiiye s
representative MREd:2* binding isotherm obtained for MTF-  5n4" MTF-2f14 (rmsd= 0.77), the converged fits were internally
zf14 at 0.20 M NaCl, 25C, pH 7.0, is shown in Figure 4,  consistent with one another with29% o--helix (regular and distorted),
with the solid curve the results of a nonlinear least-squares~17% f-strand (regular and distorted}22% f-turn, and 28%

: 1 hindi ; s unordered structure. These fits give 3 (3 expected) and 4 (4 expected)
fit to a 1:1 binding model. Under these solution conditions, " &~ segments 6~10 residues in length and 4 (6 expected) and

Kapp = 8.8 (+4.0) x 10° M~* (Table 1), or about 40-fold 5 (8 expectedp-strand segments @#5 residues in length, for MTF-
weaker than that for intact MTF-zf. Analogous experiments zf13 and MTFzf14, respectively. These data are largely consistent with

carried out with the MTF-zf13 reveal a larger decrease in 3 and 4 typicajffa-units, respectively, in MTF-zf13 and MTF-zf14.
Zns MTF-zf spectra analyzed over the same wavelength range gave

binding affinity by ~700-fold (Table 1). Interestingly, the q4= 0.68)~15% a-helix (regular and distorted)43% j-strand
binding affinities determined for H279N-MTF-zf and H309N-  (regular and distorted)23% f$-turn, and 22% unordered structure.
MTF-zf to the MREd are quite similar to that obtained for These fits give 4x-helical segments of12 residues in length and 12

i idi _ ; ; p-strand segments of an average length of 11 residues. This fit is
partially oxidized ZgyCysMTF-zf, in which most of the qualitatively consistent with about/4Sa. units with the remainder of

weak binding finger cysteines are oxidizeﬁ)-(_Analytical ~ the molecule (the C-terminal finger domains) adopting nonngive
data show that over the course of the DNA binding experi- other structure.
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Table 1: Summary of DNA-Binding AffinitiesKap, M) of Missing- and Broken-Finger Mutants of MTF-zf to Various Coumarin-Labeled
Oligonucleotide$

fold decrease in fold decrease in fold decrease in
Kapprelative to MUT1 Kapprelative MUT2 Kapprelative
protein MREd:2* MTF—zf MUT1 to MREd:2* MUT2 to MREd:2*
Zng MTF-zf 3.8(x0.5) x 1¢® 1 2.20.3) x 107 17 8.3¢1.7) x 1P 46
MTF-zf14 8.8(4.0) x 1¢° 43 4.24:0.5) x 1¢° 2 2.9@0.2) x 10° 3
MTF-zf13 5.26:2.0) x 10P 730 1.1¢:0.1) x 10° 05 2.4(0.3) x 10 2
MTF-zf46P <10 >10 000
MTF-Azf5 1.4¢0.3) x 10/ 27
MTF-Azf6 1.16:0.4) x 107 35
ZneCys MTF-zf¢ 1.2(0.2) x 107 32

2The oligonucleotide sequences are shown in Figure 2. Conditions: 40 mM MOPS; 0.20 M NaCl; pH 0?28 complex formation could
be detected up to 30M added protein at 1.6« 107 M MREd:2*. ¢ Reference2.
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om) ) FiGure 6: UV-CD spectra of the MREdH, a) and difference CD
Ficure 5: (A) Far-UV-CD spectra of various MTFs: MTF-zf  gpectra of saturated complexes formed with MTF-zf23, b),
(= =) MTF-2f14 (- - -); MTF-zf13 (-); MTF-zf46 (— -+ —). (B) MTE-zf14 (- - -, ¢), H279N MTF-zf ¢+, d), H309N MTF-zf
Comparison of the corrected mean residue ellipticity spectrum (= + —, ), and MTF-zf - --- —, f). Saturated amounts of proteins
calculated by summing the MTF-zf13 and MTF-zf46 spectra \ere added based dfy,, (Table 1), and the spectral contribution
(---) and scaling to 184 residues with that of intact MTF-zf  f the free proteins was subtracted. (A) Full spectra from 180 to
(). Conditions: 6 mM sodium phosphate; 0.20 M NaF; pH 7.0; 320 nm. (B) Enlargement of the spectral changes from 200 to 320
25°C. nm. The difference CD spectrum of a 4:1 mixture of a MTF-zf46:

' MREd lex is al h here-+( g). Conditions: 6 mM
of MTF-zf broken finger mutants show that these mutants sodiumi‘,’,ﬁ‘;g;ﬁ‘a{;%?SOSM%V;F; SIEIE-?(.O?)‘ZE. (1)'?1; ;ﬁg:m re;}“due

have approximately the same folded structure as wild-type ellipticity ([©]ure) is expressed per mole of nucleotide.
MTF-zf, as expected (data not shown).

UV-CD Spectra of MTF-zf-MREd Complexas$y-CD of the free protein has been subtracted, assuming that the
experiments were next carried out to determine if binding free and bound proteins have the same CD spectrum. The
to the MREd altered the conformation of the protein, for concentration of MTF-zf proteins present in each case is
example, by inducing additional folded structure into the up to 5-fold greater than the MREd concentration, ensuring
molecule. Surprisingly, it is the conformation of MREd, not that all the DNA is complexed with protein in each case.
MTF-zf, that is changed upon the formation of MTF-MREd The spectrum of the uncomplexed MREd consists of two
complexes. Figure 6 shows the UV-CD spectra of the MREd positive bands at about 280 nay-{12 000 deg crhdmol™?)

(pH 7.0, 0.20 M NaF) in its uncomplexed form and spectra and 190 nm#413 400 deg crhdmol 1), two negative bands
obtained with various MTF-zf-MREd complexes. The com- at about 248 nm~£—13 000 deg crhdmol ) and 208 nm
plex spectra are shown in such a way that the contribution (~x—12 000 deg crhdmol'), and an inflection point at
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approximately 260 nm. The intensity at 248 nm is only AL R A A
slightly greater than that at 280 nm. This is a roughly 0.16 | A
conservative CD spectrum completely consistent with a
B-form structure 45). Strikingly, the difference spectra
obtained for the individual MTF-zf-MREd complexes all
show marked increases in the ellipticity at 280, 210, and
190 nm (with no change in the sign), to various degrees
depending on the identity of the bound protein. Furthermore,
the maximal extent of change obtained with each MTF-zf
derivative roughly correlates with binding affinity and is as
follows: MTF-zf13 < MTF-zf14 ~ H279N MTF-zf < 0

o
-
N

Fluorescence
(arbitrary units)
o
o
[-3

0.04 |

H309N MTF-zf < MTF-zf. MTF-zf46 does not induce a 440 460 480 500 520 540
conformational change into the MREd (Figure 6B), even at A (nm)

a 4-fold excess of protein to DNA, consistent with the fact _— N —— :
that this protein does not bind to the MREd (Table 1). These
spectral features are largely as expected for a global change :
in the MREd to a structure that is more A-like or that which
possesses distinct A-like properties that CD is most sensitive
(45, 49 (see Discussion). Although a small change in the
conformation of individual MTF-zf proteins upon MREd
binding cannot be ruled out by these spectra, they seem
unlikely since changes in the protein would not give the
observed correlation with characteristic nucleic acid bands
over the entire 186320 nm spectral window. This is
particularly so in the near-UV region, where it is not possible - . :
to attribute these spectral changes to the protein.
Fluorescence Resonance Energy Transfer Spectroscopy,

. FIGURE 7: Sensitized fluorescence emission spectra of MREd:2*
Because coumarin and tryptophan form a good denor (Zex = 295 nm) collected in the absence)(and presence (- - -) of

acceptor pair, the interaction between protein and DNA can satyrating concentrations of MTF-zf (A) or MTF-zf14 (B). Inset:

be monitored by measuring fluorescence energy transferBinding isotherms of MREd:2* with MTF-zf (A) and MTF-zf14

between the coumarin moiety at either end of the MREd (B) as monitored by an enhancement of DNA fluorescence emission

and the single tryptophan residue engineered into the intensity due to FRET from the C-terminal Trp residue in each
. S . . protein. The continuous curves drawn through the data are fits to

C-termlnal end _of mdmdual MTF—zf proterms41). This a 1:1 binding model: (A) MTF-zfKapp = 2.0 x 10F ML, Frnax =

experiment provides information on the .dl_stance between g.144; (B) MTF-zf14, Kapp = 4.8 x 10° M1, Fra = 0.105.

donor and acceptor and thus globally defining the topology Conditions: 2.5x 10~7 M DNA; 40 mM MOPS; pH 7.0; 0.20 M

of the multifinger MTF-zf on the MREd. Figure 7A shows NaCl; 25°C.

emission spectra of MREd:2* samples excited at 295 nmin _

the presence of absence of saturating MTF-zf. As can pe6 is far closer to the GCC side of the consensus sequence,

seen, the binding of MTF-zf leads to an increase in the 3 t0 the core TGCA core site, and far removed from the

fluorescence intensity of the coumarin moiety, to a maxi- ©Pposite end of the oligonucleotide. Moving this Trp just

mal extent of~32% in this experiment. This corresponds C-términal to zinc finger 4 moves the coumarin probe on
to a rather high energy transfer efficiencg & 0.74) the 3 side of the core sequence further removed from the

(Table 2). new C-terminal Trp residue. This qualitative conclusion is
When the same experiment is carried out with MTF-zf14 Supported by a quantitative analysis of these spectral data,
in place of intact MTF-zf (Figure 7B), two changes occur. I the vv_hlch .the.d|stance difference betwegn the two-Trp
First, the overall binding affinity drops by about 50-fold, to  oumarin pairs isv15 A or 5 or so base pairs (Table 2).
aKapp = 4.8 x 10° M~* from 2.0 x 10° M~* for MTF-zf, DISCUSSION
consistent with fluorescence anisotropy experiments (Table
1). More importantly, the binding of MTF-zf14 to MREd: The zinc finger transcription factor MTF-1 has been shown
2* results in only a 16% increase of fluorescence intensity to play an essential role in induction of metallothionein gene
at 478 nm when excited at 295 nm,Br= 0.29. When MTF- expression in response to heavy metals in human and mouse
zf binds to the MREd:1* oligonucleotide, which is character- cells (16, 47 and is probably identical to other factors
ized by the same DNA sequence as MREd:2* but with the previously identified from rat and human liver nucldig(
coumarin moiety on the opposite '(5side of the core  49). To obtain molecular insight into MTF-1 function, we
sequence (Figure 2), the fluorescence intensity actually fallshave subcloned, overexpressed, and purifigdtiie zinc
slightly (FadFa = 0.93) to an extent near that which occurs finger domain (MTF-zf) of human MTF-12@). Purified
upon direct excitation of the coumariDNA itself (QadQa MTF-zf binds to the metal responsive element with high
= 0.91) (Table 2) (spectral scans not shown) despite their affinity and specificity. In previous work, we detected at least
identical binding affinities ). This is consistent with alow  two classes of zinc finger domains in MTF-2)(One class
energy transfer efficiency for this doneacceptor pair & of sites containing 3 to 4 zinc fingers has zinc binding and
= 0.09) (Table 2). The qualitative conclusion from these DNA binding properties consistent with a structural role,
experiments is that the C-terminal Trp in zinc finger domain while the other group of zinc finger sites is characterized by

itrary units)

Fluorescence

{arb

il . |

440 460 480 500 520 540

A (nm)
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Table 2: Fluorescence Resonance Energy Transfer Parameters for Various MTF-zf-MREd Cdmplexes

parameter MTF-zf-MREd:2* MTF-zf-MREd:1* MTF-zf14-MREd:2*
QdQad 0.93+ 0.08 1.10+ 0.04 0.93+ 0.04
FadFa 1.354+0.03 0.93+ 0.02 1.16+ 0.02
Ed 0.74+0.03 0.09+ 0.02 0.29+ 0.03
J(M~1cmd) 4.47x 107 2.83x 107 4.46x 1071
Qs 0.144 0.144 0.276
g 0.051 0.051 0.042
74 (NS 3.3(2.8) 3.3(2.8) 5.3(1.0)
Ro (A)¢ 315 29.2 35.1
R(A)" 26 43t 2 41
R (A), with range in 23—-32 38-51 3748

k2 fromrg, ra

aDetermined using data like those shown in Figuré Betermined from steady-state anisotropy experiments as descPpdde( = 430 nm).
¢ Determined afem = 478 nm from at least two independent experimeti&om eq 1.° Determined fronQ = 0.140 forN-acetyltryptophanamide
(NATA). fDetermined using a model which incorporates one discre®/4 of the signal in each case) and one Lorentzian comporedi% of

the signal) with the center and width (in parentheses) of the Lorentzian distribution given. NATA is characterized by a single discrete lifetime of

2.8 ns under these conditiongd.From eq 3. " From eq 2. ' See ref43.

properties consistent with a metalloregulatory role (a weak
apparent zinc-binding affinity).

Metal Site Heterogeneity and MTF-zf Foldingfe showed
previously that MTF-zf as isolated contains as little as 3 and
as many as 6 molar equiv of bound zinc under conditions
where all 12 Cys in the molecule are reduced and theoreti-
cally competent to bind metals, predicted to fopfia
structures Z). The same behavior is true of an N-terminally
extended version of MTF-zf containing residues +320
(data not shown). The far-UVYCD spectra, reflective of

conformation distinct from that of zinc fingers-%, which
must be intimately bound to the DNA, at least as measured
by limited proteolysis. Broken-finger mutants H279N MTF-
zf (MTF-Azf5) and H309N MTF-zf (MTFAzf6) and dele-
tion mutants MTF-zf14 and MTF-zf13 were therefore
purified and characterized to determine the energetic con-
tribution that these domains make to MREd binding. Broken-
finger mutantsAzf5 andAzf6 and the missing-finger mutant
MTF-zf14 all have comparable affinities for the MREd,
reduced~25—40-fold relative to MTF-zf; deletion of finger

secondary structure content, of each of these MTF-zf proteins4 results in further~20-fold reduction in MREd binding

are identical to one another and nearly indistinguishable from
MTF-zf in which the Cys in the weak binding fingers are
oxidized, presumably to disulfide bonds. We suggested
previously that each of these forms corresponds to a partially
folded molecule in which some or all of the weak binding
fingers are not folded int@fa structures, even in the Zn
form as isolated2).? The evidence we present here conclu-
sively demonstrates that the weak zinc binding fingers in
MTF-zf minimally correspond to zinc finger domains 5 and
6. Furthermore, the simplest interpretation of the far-UV-
CD spectra is that the structures of finger domain8and
4—6 may well be different from one another and that these
differences are maintained in the isolated three-finger domain
fragments (Figure 5). Since the N-terminal four fingers
provide a large fraction of the MRE-binding energy (Table
1), it seems reasonable to conclude that fingerd adopt
typical Spa structures; if this is the case, the C-terminal
finger domains may adopt a ngifa or partially folded
structure (Figure 5)This may be the structural basis of their
lower apparent affinity for metal ions. Preliminary Co(ll)-
substitution experiments show that all six fingers in MTF-
zf are capable of forming tetrahedral Co(ll) complexes (X.C.
and D.P.G., unpublished results).

Metal Site Heterogeneity and Specific MREd Binding.
Limited trypsinolysis of MTF-zf in the presence of MREd
results in the formation of a trypsin-resistant core fragment
encompassing the N-terminal four zinc fingers, while C-
terminal finger domains 5 and 6 are completely digested into
smaller fragments. Thus, the weak zinc binding finger
domains of MTF-zf are also bound to the MREd in a

3 Preliminary*H—N HSQC NMR experiments clearly show that
Zn(Il) binding induces folded structure into MTF-zf46 (X.C. and D.P.G.,
unpublished results).

affinity and a significant loss in DNA binding specificity.
Thus, the N-terminal four fingers in MTF-zf are minimally
required for high-affinity MREd binding. However, deletion
of the weak zinc binding C-terminal fingers is clearly
destabilizing which suggests that all six zinc finger sequences
are necessary for stable and specific DNA complex formation
by MTF-zf to a single MREd.

MREd Conformational Changes upon MTF-zf Binding.
The UV-circular dichroism spectra of the free MREd
oligonucleotide compared to difference spectra of MREd-
MTF-zf complexes provide additional structural insight into
the participation of C-terminal zinc finger sequences in stable
complex formation. The UV-CD spectrum of the MREd
reveals that the MREd adopts a typical B-form structure.
However, binding of MTF-zf results in a dramatic change
in the spectrum, which cannot be attributed to protein
structural changes. The specific increases in CD band
intensity induced by MTF-zf binding are generally similar
to the published spectra of A-like duplex&g); in particular,
the pronounced increase in the negative ellipticity band at
210 nm is significant in the basis spectra that characterize
the CD of nucleic acid hybrids and is due almost entirely to
base pairing in A-form structured®). At least part of the
pronounced effect on MREd structure could be due to the
dehydration of the lattice since incubation of B-form nucleic
acid polymers with dehydrating agents including ethanol and
trifluoroethanol are known to efficiently induce A-form
structure 45). Preliminary experiments suggest that 80%
trifluoroethanol induces conformational changes in the MREd
duplex that are distinct but globally similar to those induced
by the binding of MTF-zf (data not shown). This is consistent
with our interpretation of the thermodynamics of MREd-
MTF-zf complex formation, which suggest that binding is
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accompanied by significant burial of hydrophobic surface
area and release of bound water molecuBs (

It is widely known that CysHis; zinc finger proteins are
capable of binding to double-stranded RNA sequens@s (
58) as well as RNA-DNA hybrids (69), which presumably
adopt A-like helical structures. Previous CD studies of
TFIIA internal control region (ICR) revealed that the DNA
is largely B-form but has definite features characteristic of
A-form structure 60). The conformation of the ICR does
not change upon TFIIIA binding as measured by @D)(
in strong contrast to the results shown here; the NMB (
and crystallographida@) structures of two truncated TFIIIA-
5S rDNA complexes however reveal that the DNA is
essentially B-form. In contrast, the DNA in another complex
of a Cys-His; zinc finger protein (mouse GLI) with DNA

Biochemistry, Vol. 38, No. 39, 19992923

] [u]
5'-GAGCTCTGCACTCCGCCCGAARRL
CTCGAGACGTGAGGCGGGCTTTT—.
O 0 &0 BmOmE

Ficure 8: Cartoon model of the interaction of MTF-zf with the
MREd oligonucleotide derived from the studies presented here. The
C-terminal Trp energy transfer donor and the coumarin acceptor
are indicated by the small and large filled circles, respectively. The
filled and open boxes represent N7 atoms of guanine residues which

(63) reveals that the bound DNA adopts a conformation that when methylated inhibit MTF-1-MREd complex formation to strong
can be described as possessing structure features characteand weak degrees, respectivel). The DNA also undergoes a

istic of both canonical A- and B-form familie$4). This
has been termed the.8or an “enlarged-groove” B-form
conformation. A similar DNA conformation was also ob-
served in the high-resolution crystal structure of the Zif268
DNA complex @4). Although CD studies of the GHHDNA

marked conformational change (from canonical B to A- gg-B
like) on binding MTF-zf not illustrated here. Weak Zn(ll) binding
and DNA zinc fingers 5 and 6 are shaded to differentiate them
from N-terminal fingers +4. The model is only meant to illustrate
global features of the complex.

complex have not been reported, a CD spectrum of the positioning MTF-zf on the oligonucleotide in order to enable

Zif268—DNA complex in the 226320 nm region is
qualitatively similar to those reported he®). The struc-

high affinity and specificity of binding. Distinct structural
dispositions of individual zinc fingers when bound to a

tural features to which near-UV-CD spectroscopy may be specific DNA target are not unique to MTF-zf, having been

most sensitive, base stacking, are A-like features in the B
conformation 65). For example, B is characterized by a
widening of the major (and minor) grooves which results in

found to occur crystallographically in both the five-finger
GLI (63) and six-finger TFIIIA DNA complexes. These
structural findings, however, suggest the possibility that a

an increase in the helical diameter; this displaces the basdocal conformational change may in some way be involved
pairs toward the outside of the helix and makes them in zinc metalloregulation in this system. At least one previous

significantly inclined relative to the helical axi§%). Both

report provides some evidence of a conformational change

of these features are characteristic of A-form duplexes. Whatin the DNA as evidenced by DNAse | hypersensitivity in a
sequence determinants in MTF-zf drive this conformational region of the DNA between two oppositely oriented MRE

transition in the MREd are unknown; however, modeling

binding sites in the MT-IIA promoter4@).

studies suggest that the short, nearly canonical linker lengths Global Orientation of the MTF-zf on the MREBIuores-

in MTF-zf may be at least partly responsible for th@zl).
Interestingly, a Thr-Trp-Thr triplet in the-1-+1-+2 posi-
tions relative to the start of the-helix in TFIIIA and a
related Xenopus protein 5S RNA binding protein p&35,(
59) appears to play a significant role in specRblAbinding;
interesting, structural zinc fingers 3 and 4 in MTF-zf are

cence resonance energy transfer from a donor to an acceptor
is one of the most extensively used methods used to study
macromolecular distances in solutiof6). The spectral
overlap of the emission spectrum of a donor with the absorp-
tion spectrum of an acceptor is a required condition for the
fluorescence resonance energy transfer to occur. In our case,

predicted to have conservatively substituted Thr-Leu-Tyr and there is significant spectral overlap of the tryptophan emis-

Thr-Leu-Ser triplets in an analogous position.

Strikingly, we find a very good correlation between the
maximal extent of structural transition induced by the binding
of mutant MTF-zf proteins and relative binding affinity.
MTF-zf induces the maximal structural change into the
MREd, and the broken finger mutanizf6 is next, while

sion with the coumarin absorption spectrum (spectra not
shown), indicating that efficient fluorescence energy transfer
can occur, provided the tryptophan residue in protein and
coumarin in the DNA are in close proximity. THg, for

this donoracceptor pair is¥30—35 A depending on the
complex (Table 2). Although three doneaicceptor distances

Azf5 induces a comparatively lesser change which is are obviously not sufficient to define the structure of the
comparable to MTF-zf14. The smallest extent of structural complex in detail, they unambiguously define the global
transition is induced by MTF-zf13, which binds the weakest orientation of this multifinger protein on the MREd in a way
of any MTF-zf derivative. These findings suggest a nucle- which is consistent with the cartoon of the complex shown
ation—propagation model for the structural transition in the in Figure 8. On the basis of our steady-state fluorescence
MREd, in which weak zinc binding finger sequences 5 and measurements, the C-terminus of zinc finger &25 A from

6 significantly modulate MREd binding affinity by propagat- the downstream side of MREd ardt3 A from the upstream

ing Beglike structural features in the oligonucleotide nucle- side containing the core sequence; this places finger 6 (and
ated by one or more of the N-terminal fingers. Consistent presumably finger 5) closest to the GCC end of the consensus
with this idea is the finding that MTF-zf46 does not alter site. If one makes the assumption that the C-terminus of zinc
the conformation of the MREd. We suggest that both fingers finger 4 is similarly positioned in the MTF-zf and MTF-

5 and 6 contact the DNA in a way which is distinct from zf14 complexes, then this would place finger 4 closest to
that of fingers +4 but appear essential for properly the TGCAC core sequence. We therefore suggest that the
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N-terminal structural fingers associate most intimately with various MTF-zf derivatives on instrumentation supported by
the highly conserved TGCAC core of the metal-response grants from the NIH (GM33216) and the Texas Advanced

element.

In summary, the N-terminal four zinc fingers of MTF-zf
have higher apparent affinity for Zn(ll) as well as for MREd;
these fingers bind to the MREd on the TGCAC side in a
conformation that is relatively resistant to trypsinolysis. The
C-terminal zinc fingers 5 and 6 have a lower apparent affinity
for Zn(ll) and possess a low intrinsic affinity for the MREd;
these finger domains interact with the C-rich side of MREd
in a way which is distinct from that of zinc fingers—4.

The precise conformations adopted by any of the finger
domains, in particular finger domains 5 and 6, is not yet
known with certainty; however, all six zinc fingers clearly
contribute to the overall capacity of MTF-1 zinc finger
fragment to form stable and specific complexes with the
MREd. These results suggest that the N-terminal zinc fingers
in MTF-zf are required for high affinity and specific binding
to the consensus TGCRCnC core in a way which is subjected
to structural and allosteric modulation by the weak zinc
binding C-terminal zinc fingers.

The significance of these findings for the mechanism of
metalloregulation by MTF-1 is unknown, principally because
it is not yet been determined if properties of the isolated
zinc finger fragment extend to intact MTF-1. If they do, they
certainly suggest that the C-terminal finger domains could
play an important role in metalloregulation by modulating
the specificity and affinity of MTF-1 for the MRE. Consistent
with this, numerous reports have shown that the in vitro
binding of full-length MTF-1 to the MRE sequences as
analyzed by band-shift analysis, covalent cross-linking, or
footprinting analysis, in either partially purified form or in
crude extracts, can be reversibly activated by added zinc
usually in the 16-100 M concentration rangelg, 32, 36,

50, 51, 53. Although the zinc content of MTF-1 in these
preparations, and whether it is different before and after zinc

treatment, has not yet been determined, our studies suggestlg-

that this modulation may occur through reversible zinc
occupancy of the C-terminal fingers. Other possibilities exist
however. The N-terminal finger domains could be metal-
loregulatory since folding of these domains ingfa-
structures is obviously required for MRE binding. This seems
unlikely to us given the high apparent affinity of these fingers
for zinc (2). However, it is possible that domains immediately
adjacent to the zinc finger domain and not present in MTF-
zf, e.g., the N-terminal region and transcriptional activation
domains, significantly alter the metal and DNA properties
of MTF-1 via other levels of intramolecular allostery, like
that previously observed in th&. cereisiae copper-
dependent regulator Mact7) and speculated for the yeast
zinc-dependent metalloregulatory protein, Zap8)(Further
structural and functional studies will be required to more
precisely define the conformation of individual domains of
MTF-zf and the mechanism of metalloregulation in this
system.
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