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ABSTRACT. The Zapl transcriptional activator fro®accharomyces cersiae induces expression of a
series of genes containing an 11 base pair conserved promoter element (ZRE) under conditions of zinc
deficiency. This work shows that Zapl uses four of its seven zinc finger domains to contact the ZRE and
that two of these dominate the interaction by contacting the essential ACC-GGT ends. Two Zn finger
domains (ZF1 and ZF2) do not contact DNA, and a third ZF3 may be more important for interfinger
protein—protein interactions. Zn finger domains important for ZRE contact were identified from triple
mutations in Zapl, changing three residues indheelix in each finger known to be important for DNA
contacts in Zn finger proteins. Replacementdif, 3, and 6 helix residues in ZF4 and ZF7 reduced the
affinity of Zapl for the wild-type ZRE. In contrast, triple mutations within the intervening ZF5 and ZF6
domains had minimal effect. The data argue that fingers 4 and 7 contact the ACC-GGT ends while fingers
5 and 6 contact the 5 bp central ZRE sequence. This conclusion is corroborated by decreased Zap1 affinity
for a ZRE DNA duplex containing mutations of the AC-GT ends of the ZRE, whereas transversion
mutations within the central 5 bp of the ZRE had minimal effect on Zapl binding affinity.

Zinc is an essential nutrient and is important for many of Zrtl (2, 4, 5). Under Zn-deficient growth conditiongRT1
different cellular functions. Zn(ll) is an essential cofactor andZRTZ2are highly expressed, whereas their expression is
for zinc metalloenzymes and has a structural role in numerousinhibited in Zn-replete cells.
proteins. Zinc deficiency is known in humans and results in - sensing of zinc status is achieved through ZapiSin
adverse effects on growth and developméjtif contrast,  ceraisiae (6). Zap1 is a 93 kDa transcriptional factor that
accumulation of excess zinc can lead to toxic cellular effects. gctivates the expression @RT1and ZRT2in addition to
Thus, homeostatic mechanisms exist in cells to regulate thegyer 40 other genes in Zn-deficient cel®.(The transcrip-
cellular concentration of zinc ions by maintaining zinc tional activity of Zap1 is inhibited in Zn-replete cells. Cells
balance and minimizing deleterious effects of excess Zn(ll) |acking Zapl are Zn-deprived due to attenuated expression
ions. Significant progress has been made recently to definegf 7RT1and ZRT2 (6).Zap1l binds in a sequence-specific
the homeostatic mechanism for Zn(ll) ions in the yeast manner to an 11 base pair element designated the zinc-
Saccharomyces cerisiae responsive element (ZREj), Zap1 target genes contain one

Regulation of Zn(Il) homeostasis occurs, in part, at the or more copies of the ZRE consensus sequeh@eCETT-
level of Zn(ll) uptake across the yeast plasma membrane.NAAGGT-3' (7).

Two plasma membrane proteins, Zrtl and Zrt2, are functional
Zn(Il) transporters 4, 3). Zrtl is required for high-affinity
Zn(ll) uptake, while Zrt2 encodes a low-affinity Zn(ll)
permease. Cellular Zn(ll) levels regulate the expression of
bothZRT1andZRT2in addition to regulating protein levels

Five contiguous Cyslis; zinc finger motifs found within
a 194 amino acid segment near the C-terminus of Zapl
mediate high-affinity binding to a ZRE-containing DNA
duplex @). The importance of the C-terminal Zn finger
domains for Zapl function was highlighted by loss-of-
function mutations substituting the two histidyl Zn ligands
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Although the five C-terminal Zn finger domains appear to generate N-terminal glutathione S-transferase (GST)
critical for in vivo function, it is unlikely that each fingeris  fusions for protein purification. Expression @AP1 and
equally important in contacting the 11 base pair ZRE. Each mutant variants in yeast was achieved by use of the
zinc finger domain can potentially contact-8 base pairs  centromeric YCpURA3 vectors pRS416 containing the
(10—14). Three Zn finger motifs in Zif268 recognize ADH1 promoter andCYC1terminator 1) or a modified
successive base pair quartets covering a total of 1d0p ( pRS316M25 vector containing thMET25 promoter and
12). In Zif268 and selected Zif268 variants, the 4 bp site CYClterminator 22). Transformants with the pRS316M25
overlaps with the binding site of the neighboring Zn finger vector were cultured in methionine-containing medium to
by one base pairl§). Three Zn finger domains of TFIIIA  keep expression low.
contact 11 bp16). Thus, only a subset of the five Zn finger Oligonucleotides5'-Biotinylated ZRE-containing oligo-
domains in the minimal DNA binding segment of Zapl is nucleotides were chemically synthesized and complementary
likely responsible for base contact within the ZRE. strands were annealed. The 31 bp ZRE duplex was the

Not all multi-Zn finger domain proteins use Zn finger sequence of the ZRE1 ofRT1 (CCAAAGATACCCT-
motifs equivalently in DNA binding. The Cyfis, Zn finger CAAGGTTCTCATCTGTG) §). The 11 bp ZRE is under-
motifs 4-6 in TFIIIA are positioned along the minor groove, lined. Two ZRE duplexes were synthesized with the 5
rather than making major-groove base contat8). (Like- biotinylated base at either end such that the duplex could be
wise, the first of the five Cysis, Zn finger domains in the ~ immobilized to streptavidin at either end. One of each pair
Gli transcriptional activator lies outside of the DNA major 0f complimentary oligonucleotides was biotinylated via a
groove and makes no DNA contacts7). The remaining TTATTA linker at the 5 end for use in the Biacore studies.
four Zn fingers fit into the major groove, but two of those Four ZRE sequence variants were synthesized. The M2
fingers make most of the base contacts of the 9-bp binding mutant duplex contained the sequence CAAAGACCTTG
site (17). The Gli family (Gli1, Gli2, and Gli3) encodes zinc ~ inserted in place of the ZRE in the 31 bp duplex. The MM
finger transcription activators that function as mediators of ZRE variant (MM for middle mutant) retained the palindro-
Hedgehog signaling in tissue patterning and stem cell mic end triplets but varied the central 5 bp of the ZRE, giving
specification in vertebrate embryos8( 19). the sequence ACCT.GACCGGT. The wiId-ty_pe portions of

A combination of Zn finger DNA structures and DNA the ZRE are underlined. The EM ZRE variant (EM, end
site design/selection studies suggest that four residues jn Cys Mutant) altered the two terminal bases at each end of the
His, Zn finger motifs are significant determinants in DNA ZRE, giving the sequence CTCCTCAAGAC. Two addi-
base specificity {0—14). These four residues occupy posi- tonal ZRE variants were synthesized as M2/ZRE hy-
tions —1, 2, 3, and 6 of the Zn fingem helix. The base brids in which each half of the ZRE was separately re-

contacts are either direct hydrogen bonds or water-mediatedPlaced with M2 sequences, thereby' generating half-ZRE
contacts 12). Additional residues make backbone contacts. duplexes (ZRE/M2, ACCCTCGCTTG; M2/ZRE, CAAAG-

In multi-Zn finger proteins, each finger uses a different w) o o
combination of the four major contact residues to make most 1 ne QuikChange site-directed mutagenesis kit (Stratagene)
major-groove base contac®0j. The particular combination ~ Was used with the specified oligonucleotides to generate the

of contact residues in one finger making base contacts isdesired mutants. The pGEX4T-1 vector containing an
dependent on the DNA base triplet sequerz®). N-terminal glutathione S-transferase (GST) fusiorZéiP1

(codons 538-880) was used as the template for mutagenesis
and subsequent expressiorgscherichia coli The BarrH|I/
Hindlll fragments of the-1,3,6 Zn finger mutants were then
subcloned into the same sites of the pRS416 ve@dy. (
All constructs were sequenced for verification.

Zap1 Purification When expressed iB. coli, the majority
of each GSFZapl protein was found to be soluble. GST
MATERIALS AND METHODS fusions were expr_essed in BL21(DE3) cells grown af@7

to an Oy Of 0.4 in the presence of 0.5 MM Zng@ LB

Growth Conditions and Vectord\ (MAT o ade6 canl medium. Following transfer to 3T, expression was induced
his3 leu2 trpl ura3 zapiTRPJ and the isogenic wild-type  with 0.4 mM IPTG and incubated for 3 h. Cells were
DY1457 were usedd). Yeast were grown in standard culture harvested by centrifugation and washed in 0.25 M sucrose.
medium supplemented with 2% glucose and the appropriateThe pellet was resuspended in buffer [20 mM NBBy, 3.6
auxotrophic requirements. Low-Zn medium was achieved in mM KH,PQ,, pH 7.3, 280 mM NaCl, 5.4 mM KCI, 10%
one of two ways. First, BIO101 medium lacking metal ions glycerol, and 5 mM dithiothreitol (DTT)] containing lysozyme
was used with all metal ions but Zn(ll) replaced. Cells were and sonicated. The lysate was clarified by ultracentrifugation
cultured in this low-zinc medium with either 3 or 3M (10000@, 30 min, 4 °C) and purified on glutathione
ZnCl, added. Second, EDTA was added to complete medium Sepharose (Clontech). Eluted protein was concentrated in
(CM) to a final concentration of 1 mM in addition to LM Viva-spin concentrators (MW cutoff 60668000), dialyzed
ZnCl,. Cells were cultured in this mediumrfd h prior to against sonication buffer to remove GSH, and analyzed by
harvest. Stage of growth was determined by optical density SDS-12% PAGE. The protein was estimated to-H85%
of the liquid culture at 600 nm and converted to cell number pure, and typicajl 6 L of cells would yield approximately
by use of a standard curve. The Zapl truncates (residues4 mg of protein. Where specified, the GSZaplsss-sso
538-880 and 687880) and—1,3,6 mutant proteins were fusion was re-bound to GSHSepharose and incubated with
expressed in pGEX4T-1 (Pharmacia) #edR| andSal sites thrombin (0.1 unifkg of protein in sonication buffer) for 6

The novelty of Zap1 is that, in addition to using Zn finger
motifs to contact DNA, the Zn finger domain is responsible
for Zn regulation of transcription. The goal of the present
study was to map the Zn finger domains in Zapl responsible
for ZRE base recognition to ultimately elucidate the Zn
responsiveness of this protein.
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h at room temperature. Zapl was of the expected molecularconcentrations from 1.5M to 0.36 nM depending on the
weight following cleavage of the N-terminal GST and was construct. Each injection was repeated two or three times,
>95% pure. Zapl proteins were stored in 5 mM DTT. with a 2 M NaCl regeneration between the binding cycles.
Sedimentation Equilibrium Ultracentrifugatiofurified The association data from the high-capacity surface was
Zapl truncates were dialyzed against ghosphate-buffered  linear and highly flow-rate-dependent, indicating the reac-
saline (PBS) in the absence of DTT and glycerol. Ultracen- tions were limited by mass transport. Subsequent kinetic
trifugation was done at 28 000 rpm atCGlin a Beckman experiments were conducted with the low-capacity DNA
Optima XL-A analytical ultracentrifuge with an AnTi60 rotor  surface (15 RU) and at a flow rate of 100/min. All binding
at 20°C, in either 6-channel (12 mm thick) or double-sector responses were processed with data from a reference surface
(3 mm thick), charcoal-epon centerpieces. Sample channelsas well as subtracting blank injection®5. Binding data
contained multiple loading concentrations of Zapl in PBS, were then fit globally, including a term for mass transport
while reference channels contained the dialysate. Loading(26).

concentrations varied between 4 and ARl in order to Zap1 Antibodies and WesterAdult New Zealand white

produce absorbance scans within the. linear range of _therabbits were immunized by subcutaneous injection of 300
detector at 280 nm. Samples were centrifuged until chemlcalug of purified Zapks sso protein emulsified with an equal

equilibrium was attained. Cells were scanned radially in volume of Freund's complete adjuvant (Rockland). Im-
continuous mode, with data resulting from 10 absorbance mediately prior to injection, 0.5 mL of preimmune sérum

read_mgs taken at 0.001 cm intervals. Eqm_hbnum WaS \was collected. Six weeks after immunization, two booster
conﬂrmed by no changg In scans takem4gh '”t?fv'?"s-. injections of 0.5 mg of Zap1 mixed with incomplete adjuvant
Var|ou.s quels describing the concgntratlon d|str|bqt|on were given subcutaneously at 4-week intervals. The presence
:Nere fit to final at;]sqrbance versus ra(|d|u§ data by nonlinear and specificity of the antibody were determined by Western
east-squares techniques and the analysis program NONI‘INanaIysis of WT andzaplA yeast extracts with antiserum

5123)t.oTtrr]1?ef(Ian3|if1tgr:aenstug§r?czg?rqaiir:)i Stljzrs]'tjrlif&?(;)nuss f_:_tgngvgr d obtained after the first booster injection. Ten days following
P ' the second booster, the animal was exsanguinated and

the problem of relative local minima in the variance space, polyclonal antisera were obtained. For Western analysis
the fitting procedure was begun at many different initial Iyeast cells were cultured in either low-zn medium (CM

points spanning the range of the parameters. The partia : . . .
iy X medium lacking uracil containing 1 mM EDTA and 10/
specific volume, 0.723 cffg, was calculated from the amino ZnCh) or low-Zn medium supplemented with ZnCIA

acid sequence by the method descritizg).( concentration of the harvested cells, corresponding fo 10

Electrophoretic Mobility Shift Assayhe standard 15L . .
EMSA reaction contained hybridization mix [65 mM KCl, cells for transformants expressing Zap1l rr_lutants in pRS316
or 4 x 1CP cells for transformants expressing Zapl mutants

0.2 mg/mL bovine serum albumin (BSA), and 20 mM Tris- . . .

HCI, pH 7.3, with 20% glycerol and 0.04% Igepal CA630 In pRS416, were denat_ure_d_m SDS sgmple buffer in the

detergent] with end-labeled oligonucleotides and protein in presence of a proteasg inhibitor CPC"“?" and 1.5_mM DTT.
The samples were boiled for 5 min prior to loading on an

sonication buffer. Following incubation at room temperature 0 . . .
for 15 min, the samples were applied to a 6% polyacrylamide SDS—lZ/o polyacrylamide gel for electrophoresis. Proteins

: in the electrophoresed gel were blotted onto a nitrocellulose
nondenaturing gel and electrophoresed for 1.5 h at 30 mA. e .
Gels and rungigg buffer conta?neddTris—borate buffer, membrane followed by blocking in 3% milk/PBS/0.1%

pH 8, and they were pre-electrophoresedd at 30 mA Tween fo 1 h atroom temperature. The blots were probed

A reaction lacking protein was used as a free probe (FP) with atl:1500tdiluti?r:l of p;irgary tZapll antibogyrfa htr?LBS
control. Dried gels were viewed by autoradiography. To 00M temperature, oflowed by extensive washing wi

obtain the binding affinity, a series of 1 reactions were and 0.1% Tween. The secondary antibody was an anti-rabbit

s : ; P tibody conjugated with horseradish peroxidase and this
prepared containing different concentrations of protein in an ) L .
hybridization mix and radiolabeled oligonucleotides main- &S added to the blot at a 1:3000 dilution in 3% milk/PBS/

tained at a constant DNA concentration. Reactions were 0.1% Tween. After being washed with PBS and 0.05%

allowed to reach equilibrium by incubation at room temper- Tween, the blot was V|sual_|zed with Pierce’s S_upe_rS|gnaI
ature for 15 min. The protetilDNA complex was then West Dura extended duration substrate chemiluminescent

separated from free DNA by EMSA. Phosphorimages of "€2g€ents.
dried gels were obtained and quantified with Quantity One  S1 AnalysisTotal RNA was isolated from midlogarithmic
software. The percentage of complex formation (as deter- cells by the hot acid phenol method and hybridized Ak
mined by the loss of free probe DNA) was plotted against labeled, single-strande£RT1andCMD1 (calmodulin) DNA
concentration on a logarithmic scale to determine the oligonucleotidesCMD1 was used as a loading control. The
apparentp. S1 probes used included 64 and 40 nucleotides @p®&n
Biacore Surface Plasmon Resonance Studéebiomo- reading frame (ORF) sequences #@RT1 and CMD1,
lecular interaction analyzing system instrument (Biacore respectively. This mixture was digested with the S1 nuclease
2000) was used to perform all binding studies. The bioti- and electrophoresed through an 8% polyacrylamide/5 M urea
nylated ZRE and scrambled duplex DNA were immobilized polyacrylamide gel. The data were visualized by autorad-
at various densities (3875 RU) onto a streptavidin- iography and quantified with a Bio-Rad FX Imager using
containing CM5 sensor chip. Biacore equilibrium experi- Quantity One software. Ratios daRT1to CMD1 expression
ments were performed under the same buffer conditions aslevels were determined to quantiBRT1transcript levels.
the electrophoretic mobility shift assays given above. Wild- The expression o€MD1 is not modulated by the Zn status
type Zapl and the variants were injected in the flow cells at of cells.
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centriguation studies (4, 8, and L&1). The data were processed
ZF7 LQ C KI-- C GKRFNESSI\LSH H IKT- H QKKYK as described under Materials and Methods. The upper three panels

] _ show the residuals for the three samples from highest to lowest
Ficure 1. Scheme of Zapl primary structure and the two protein concentrations going from top to bottor®,(d, and <, respec-
constructs used in these studies (A, top panel). The two transacti-tively).

vation domains are hatched; the Zn finger motifs are boxed and

numbered successively. (B, bottom panel) Sequences of the seve . .
zinc finger motifs are shown; the Cys and His Zn(ll) ligands are in ZRE occurred as a dimer, then a unique complex of

boldface type. The position of the helix is shown by the bar, and intermediate mobility would exist with the mixture of two
the helical residues (positions1, 3, and 6) mutated are boxed. Zapl-length variants. However, mixtures of the two truncates
The Trp residues predicted to make contacts iniirpin loops  varying in ratios failed to yield an intermediate complex,

of ZF3 and ZF4 are underlined. The hydrophobic residues prediCtedsuggesting that either Zap1 binds to the ZRE as a monomer

to make interhelical hydrophobic contacts analogous to correspond- i .
ing residues in Gli are circled. OL eac)h truncate was purified as a stable dimer (data not
shown).

RESULTS To discern between these two models, sedimentation
equilibrium analysis was conducted with the Zap1 truncate
A Functional Zap1 Truncate Binds the ZRE as a Monomer. (538—880) at three different protein levels. The protein was
An N-terminal truncate of Zap1 consisting of residues-538  centrifuged until sedimentation and chemical equilibrium
880 is fully functional in vivo and confers Zn-dependent were attained. The best fit of the Zapl data over the
regulation on Zn regulon geng8). This truncate contains  concentration range examined was obtained and indicated a
seven Zn finger motifs. The five most C-terminal Zn finger monomeric species of molecular mass of 38 803100 Da
motifs form the minimal DNA binding domain (DBD) (Figure 2). The predicted mass of the Zap1 truncate is 39 445.
(Figure 1). DNA binding assays with the electrophoretic The monomer fit gave small and randomly distributed
mobility shift assay (EMSA) previously revealed an apparent residuals about zero. Thus, the functional Zgpisotruncate
Kp in the -3 nM concentration range for Zap1 binding to  exists in solution and binds the ZRE as a monomer.
a ZRE-containing DNA duplexd). No difference in DNA ~ 7ap1/7RE DNA Interactions Monitored by Surface Plas-
binding was observed between Zapl truncates containingmon Resonance AnalysEhe interaction of the two truncates
only the five C-terminal Zn finger motifs and a longer \ith a ZRE DNA duplex was studied more thoroughly by
construct containing all seven Gyis, Zn finger motifs  syrface plasmon resonance in a biomolecular interaction
(residues 538880) @). analyzing system. A 31 bp DNA duplex containing a central
The ZRE (5ACCTTNAAGGT-3) has palindromic ends, 11 bp ZRE was tethered to immobilized streptavidin on a
so the initial question we addressed is whether Zapl gold surface biosensor chip through a terminal biotinylated
interacted with this palindromic sequence as an extendedbase. The analyte was Zapl delivered in a continuous flow
monomer or as a dimer with only a subset of Zn finger motifs over the sensor surface. Kinetic binding responses were
in each monomer contacting each half of the ZRE. To test recorded as the Zap1 protein associated with the immobilized
whether Zapl binds to the ZRE as a monomer or dimer, DNA surface (Figure 3). The association phase was confined
two Zapl truncates were expressedeincoli and purified to the initial 30 s of analyte injection. After 30 s, the flow
as GST fusion proteins. The truncates consisted of Zaplsolution was changed to a buffer solution to monitor the
residues 538880 (ZF1-ZF7) and 687880 (ZF3-ZF7). dissociation of Zapl from the ZRE surface. In Figure 3A,
Following cleavage of the GST purification tag, the Zapl the binding curves shown are from 0 to 130 nM ZgpXso
polypeptides were isolated. DNA binding studies with the with the ZRE duplex. Each concentration was injected twice
two length variants revealed a significant difference in the to demonstrate the reproducibility of the assay. The surface
gel mobility of the proteir- DNA complex (data not shown).  capacity was intentionally kept very low to minimize mass
The two truncates were mixed in varying ratios and tested transport effects. The random noise associated with low
by EMSA. The prediction was that if Zapl binding to the capacity surfaces has minimal effects on the reaction
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Ficure 3: Interaction of Zapl truncates with an immobilized ZRE DNA duplex by Biacore analysis. In panel A, the binding response for
Zaplssg-ggo at concentrations of 130, 43, 14.4, 4.8, and 0 nM injected in duplicate over a low-capacity ZRE DNA surface is shown. In panel
B, the binding responses for Zagl sgo at concentrations of 215, 72, 24, 8, 2.65, and 0 nM injected in duplicate over ZRE DNA surface
is shown. Quantitation of the data is shown in Table 1.

Binding studies were also carried out with ZRE sequence

Table 1. Binding Constants for Zap1/DNA Interactidns ) . . . :
variants. The first variant (MM, middle mutant) retained the

i i -1g-1 —1
protein DNA figure ka(M7s 3 ke (57 > Ko (M) palindromic end triplets but varied the central 5 bp (ACC
oo ke ggggii o i?ﬁSBi e (1)(5)82032) 4, ~ CTCAA GGT converted to ACOGACC GGT; residues
538-880 ZRE* 4A 6.9(0.1x 10/  1.40(0.02)x 102 0.20(0.1) in boldface type were changed). The second variant (EM,
538-880 MM 4B 4.4(0.1)x 106 4.91(0.01)x 102 11.1(0.4) end mutant) altered the two terminal bases at each end of
;'2{ %SE A iggg?; ig; ‘1)-3‘1’?6‘(006;)323&1 92-73220) the ZRE. Injection of Zapl across the surface of the MM-
ZF4 MM 7A nd nd nd ZRE duplex resulted in DNA binding curves that fit kg
ZF5 ZRE 7B 2.51(0.04x 107 1.66(0.02)x 1072 0.6(0.1) values of 11.1 nM (Figure 4B, Table 1). The binding
%Eg EAF';/'E 775(3: 23;639é050083?x ig i-ggoboax 1?(;3 523513 , isotherm for the interaction of Zaps ssoand the MM-ZRE
7F6 MM 7C 1.'01((0.'0& 106 2109%0:03& 102 zb.é('o%s) duplex evaluated by EMSA vyielded an appar#&pt of 16
ZF7 ZRE 7D 1.26(0.03x 107 2.1(0.05)x 10" 16.7(0.5) nM (data not shown). In contrast, only low-affinity binding
ZF7 MM 7D nd nd nd (>100 nMKp) was observed for the EM mutant ZRE (data

azapl truncates and mutant variants were tested for interaction with not shown). This mutant altered the ZRE sequence from
two DNA duplexes, either the wild-type ZRE duplex or the MM mutant ACC CTCAA GGT to CTC CTCAA GAC. The minimal

duplex containing the wild-type palindromic end triplets but varied in PR : -
the central 5 bp of the ZRE. The ZRE* indicates the experiment in Zapl binding to the EM mutant ZRE, yet high affinity for

which the wild-type ZRE duplex was biotinylated at the opposite end the MM mutant ZRE with wild-type palindromic ends,
for immobilization on the streptavidin sensor chip. The actual data are highlights the importance of the AC ends of the ZRE
derived from figures specified. The interaction of the ZF3 mutant is element. Binding of Zap1 to DNA duplexes containing only
not shown. The numbers in parentheses indicate standard errors. ndhalf a ZRE was investigated. The DNA binding affinity of
tectable binding. .. . :
o detectable binding Zap1 binding to either ACC CTCC TTG or CAA AG CAA
GGT (bases in boldface type were changed) duplexes was

parametersZ(?). To extract binding kinetic;, the experimental equced to 10 nM relative to the palindromic ZRE duplex
data were fit to a model of a 1:1 proteiDNA complex (data not shown).

including a term for mass transport (Table D6). The . . : .
approximate dissociation constaKbj derived from the ratio . ZRE Binding by Zap1 Mu_tants W'.thhl’3’6.He“X Sut_)stl_tu-
tions.Only a subset of the five Cydis, Zn finger motifs in

of Koii/Kon was 0.5+ 0.3 nM for Zapkss-sso. A second g ; I
biotinylated ZRE duplex was generated with the biotinylated the minimal DBD is expected to make base-specific contacts
base at the opposite end of the duplex to address whethelVith the 11 bp ZRE, since each finger can recognizet3
the immobilization of the ZRE duplex altered Zap1 binding PP of DNA (10—14). Four residues of the Zn finger helix,
affinity. Injection of Zapkss_sso across the surface of this  0CccUpying positions-1, 2, 3, and 6, are major determinants
ZRE duplex surface resulted in a protein binding profile best I DNA base specificity 10-15). Different combinations
fit with an apparenip of 0.2 + 0.1 nM (Figure 4A). The  ©Of these contact residues make most major-groove base
similar affinity of Zapl binding to the two duplexes contacts {5, 20). To map which CygHis, Zn finger motifs
immobilized at opposite ends indicates that immobilization iN Zapl were responsible for specific base contacts within
did not markedly influence the binding process. No binding the ZRE, mutant Zap1 molecules were engineered with triple
was detected for the Zap1 injected over a sensor surfacedlanine substitutions at thel, 3, and 6 positions of the
bearing a mutant ZRE (M2) in which all 11 positions were finger helix (Figure 1B). Zap1 mutants were generated with
altered by transversion mutations (data not shown). Thesetriple Ala substitutions in each of the five DBD Zn finger
data demonstrate that Zapl binding to the wild-type ZRE motifs. The prediction was that a triple mutation within a
was sequence-specific. single Zn finger would attenuate DNA binding if that
The interaction of the Zapds_sso truncate with the ZRE particular Zn finger made significant base contacts. If a
surface is shown in Figure 3B. The best fit of the data particular Zn finger did not make DNA contacts, such as
suggests an apparelp of 1.09 + 0.04 nM. The similar Zn finger 1 of the Gli transcriptional factor, the prediction
binding constants of the two Zap1 truncates confirm that the was that a triple mutation would not compromise DNA
two noncontiguous finger domains ZF1 and ZF2 do not binding affinity. These mutations are not expected to alter
influence DNA binding. the tertiary structure (see Discussion).
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FIGURE 4: ZRE interaction of Zapks-sso With a ZRE DNA surface (panel A) and the MM mutant ZRE DNA surface (panel B) is shown.

The ZRE duplex was biotinylated at the opposite end from the ZRE duplex used in Figure 4. Zapl was injected at concentrations of 30,

10, 3.33, 1.11, 0.36, and 0 nM in triplicate over the two surfaces.

30 uM Zn(Il) 3 uM Zn(1I)

vector

®
° WT
° ZF3
ZF4
ZF5

ZF6

L )

Ficure 5: Complementation afaplA cells byZAP1mutants with
—1,3,6 codon substitutions. Transformants were plated on low-zinc
medium containing either 3 or 30M Zn(ll). ZF3—ZF7 refers to
—1,3,6 triple alanine substitutions in the particular Zn finger motif.
The ZAP1mutants were expressed from a YCp vector controlled
by the ADH1 promoter and terminator.

ZF7

Triple Zap1 mutants were evaluated for function by in vivo
studies and in vitro DNA binding studies. The triple mutants
of ZAP1 (codons 538-880) were expressed from a YCp
vector under the control of theDH1 promoter and termina-
tor. Expression of the triple mutants in zaplA strain
revealed that only the ZF4 triple mutant failed to complement
the zapJA cells for growth in low-Zn(ll) medium (Figure
5). The transformants were also tested2Z&®T1expression
in cells cultured in low-Zn(Il) medium. As expectedRT1

A.
. .. CMDI

Free Vec WT ZF3 ZF4 ZF5 ZF6 ZF7

ZF3  ZF4  ZF5 ZF6 ZF7

Ficure 6: (A) S1 nuclease assay @RT1expression irzaplA

cell transformants containingAP1 mutants with—1,3,6 codon
substitutions. Transformants were cultured in CM medium and
incubated with 1 mM EDTA and 1@M ZnCl, for 4 h prior to
harvest.CMD1 was used as a loading contr@RT1expression
was quantified relative t&MD1 transcript levels that do not change

in a Zn-dependent manner. (B) Lysates from the transformants were
probed by Western analysis to quantify Zapl protein levels. Equal
quantities of total protein were loaded in each lane. This was
confirmed by doing immunoblotting with Pgkl (data not shown).

B

.

Vec WT

apparentp values below 1 nM (Table 1). The affinity of
the ZF6 mutant for ZRE was slightly reduced, 1.3 nM (Table
1), yet this mutant was indistinguishable from the wild-type
protein in the in vivo assays above. In contrast, the apparent
Kp values of ZRE binding by the ZF4 and ZF7 triple mutants
were 967 and 16.7 nM, respectively (Figure 7A,D and Table

expression monitored by the S1 nuclease protection assayl). Comparable results were obtained with the ZRE duplex

was absent irapA cells containing an empty vector (Figure
6A). ZRT1lexpression was at wild-type levels in transfor-
mants containing ZF3, ZF5, and ZF6 triple mutants, sug-
gesting that these mutant Zapl proteins were functional for
DNA binding in vivo. In contrastZRT1 expression was
absent in the ZF4 triple mutant and significantly reduced
(5-fold) in the ZF7 triple mutant. The reducedRT1

immobilized at the opposite end (data not shown). Thus,
triple mutations in ZF4 had the most deleterious effects in
ZRE binding in vitro andZRT1expression in vivo, with the
triple mutations in ZF7 having a smaller but still significant
inhibitory effect.

The triple-mutant proteins were also tested with the MM
mutant ZRE duplex immobilized on the biosensor surface.

expression in the ZF4 and ZF7 triple mutants was not a resultThe wild-type Zapl bound the MM mutant ZRE with an

of reduced Zapl protein levels (Figure 6B). In fact, the

apparentKp of 11.1+ 0.4 nM. Both ZF5 and ZF6 triple-

mutant proteins accumulated to somewhat higher levels thanmutant proteins bound the MM duplex wiky, values close

the wild-type Zapl protein.

The in vivo results of the triple mutants are consistent with
ZF4 and ZF7 being most important for ZRE recognition.
To confirm this conclusion, the Zapl triple mutants were
purified after expression i&. coli. DNA binding studies with
each triple-mutant protein was carried out by Biacore
analysis. ZRE binding by ZF3 and ZF5 mutant Zap1 proteins
was quantitatively similar to that of wild-type Zapl with

to 20 nM (Table 1). Thus, ZF5 and ZF6 triple mutants
mimicked wild-type Zapl in ZRE binding in vitro artRT1
expression in vivo. In contrast, no binding was observed for
either ZF4 or ZF7 triple-mutant proteins with the MM duplex
even at high protein concentrations.

Candidate Interfinger Interactions between ZF3 and ZF4
in Zapl. The results with the—1,3,6 triple mutants are
consistent with Zn finger motifs 4 and 7 being dominant in
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FiGURe 7: Mutant Zapl protein/DNA interactions. The panels represent the following: (A) ZF4 Zapl mutant (1.5, 0.5, 0.16, 0.055, 0.018,
and OuM); (B) ZF5 Zapl mutant (36, 12, 4, 1.33, 0.44, and 0 nM); (C) ZF6 Zapl mutant (30, 10, 3.33, 1.11, 0.36, and 0 nM); and (D)

ZF7 Zapl mutant (118, 39, 13, 4.37, 1.46, and 0 nM). The left and right panels refer to protein injected over ZRE and MM DNA surfaces,
respectively.

ZRE recognition and likely contacting one or more bases in residues in the-hairpin loops between the two cysteinyl
the terminal ACC triplets. ZF3 is unlikely to be responsible residues in ZF1 and ZF2 and a hydrophobic interhelical
for base contacts. ZF3 differs from ZFZF7 in having a packing between the two helices of ZF1 and ZEZ)( The
nine-residue spacer separating ZF3 and ZF4. A common/-hairpin loops of Zapl ZF3 and ZF4 contain Trp residues
theme in multi-Zn finger proteins is that Zn finger motifs positioned similarly, and the helical residues contributing to
responsible for base contacts within the major groove are the hydrophobic packing in Gli are likewise apolar residues
linked to adjacent Zn finger domains by seven resid@é} ( in Zapl (Figure 1B). One prediction is, therefore, that ZF3
A DNA backbone contact is frequently made by a conserved and ZF4 in Zap1 pack together similarly to ZF1 and ZF2 in
Lys residue within the linkerl(2); this conserved Lys is not  Gli. The hydrophobic interhelical packing of ZF1 and ZF2
present in the ZF3/ZF4 spacer. Not only is the linker in Gli leaves accessible a separate helical face containing
elongated between ZF3 and ZF4 in Zapl, the sequence doeshe side chains of helical residuesl, 2, 3, and 6. Thus,
not resemble that of a typical spacer separating two major- mutations in the ZF3-1,3,6 residues would not be expected
groove-binding Zn finger motifs. to affect interhelical packing or DNA binding as we
The Zapl ZF3 domain resembles more closely the first observed.
Zn finger of the Gli activator. ZF1 in Gli does not make To test the significance of the predicted interface between
DNA contacts; rather, it makes proteiprotein contacts with ~ Zapl ZF3 and ZF4, the Trp residues and adjacent residues
the DNA-contacting ZF21(7). The packing interface between in the two/-hairpin loops (Trp® and Trg4?9) were altered
Gli ZF1 and ZF2 consists of a contact between two Trp (Figure 1B, Trp residues underlined). Thénairpin loop in
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ZF3 sequence QWDG was changed to QSKG to remove the
Trp residue and adjacent Asp that may make a stabilizing
salt bridge with the ZF#-hairpin loop. The3-hairpin loop

in ZF4 was changed from LWHD to LSKN to remove the
Trp and alter adjacent residues that may also be part of
B-hairpin loop contact. The second set of mutations focused
on the hydrophobic residues contributing to the predicted

Evans-Galea et al.

7f7 7f6,5 Zf4a Zf3
6 -1 6 -1
KNE RKQ
ACC TTnAA GGT

TGG AAnTT CCA

FIGURE8: Scheme of how Zapl Zn finger motifs-Z may interact

interhelical hydrophobic contacts between ZF3 and ZF4. With the 11 base pair ZRE.

Leu’?® and Leud3! of ZF3 and ll€%¢ and Led®® of ZF4 were

Mutations in these fingers greatly reduced the affinity of

mutated to aspartates (mutated residues shown in italic typeZap1 for the wild-type ZRE. Mutations in fingers 5 and 6

in Figure 1B). Double mutations were engineered in minimal
ZAP1 (codons 538880) and the mutant genes were sub-
cloned in a yeast centromeric (YCp) vector under the control
of the MET25 promoter and terminator. Transformants of
zap1A cells withZAP1and mutant variants were tested for
ZRT1 expression and Zapl protein stability. Neither the
B-hairpin loop mutant proteins nor the interhelical packing
mutants were stable, making functional studies impossible.
The loss ofg-hairpin loop and interhelical packing desta-
bilized zZapl.

Two other unusual features of ZF3 in Zapl are the four-
residue spacing between the histidyl Zn(ll) ligands and the

had little effect, suggesting that these fingers are far less
important in site-specific binding. The data argue that fingers
4 and 7 contact the ACC-GGT ends while fingers 5 and 6
contact the 5 bp core sequence of the ZRE. This conclusion
is supported by several observations. First, the linear way
in which ZF proteins bind to DNA suggests that fingers 4
and 7 will contact the ends of the site. Second, mutations in
ZF4 and ZF7 had major effects on DNA binding as did
mutation of the AC-GT ends of the ZRE. Third, mutations
in the central region had far lesser effects, as did mutation
of ZF5 or ZF6. The MM ZRE mutation reduced the affinity
of wild-type Zapl by about 10-fold. A similar effect was

long spacer between ZF3 and ZF4. The four-residue spacerobserved on the binding of ZF5 and ZF6 mutants to the MM

between His residues in ZF3 is expected to distort the helix
to permit His ligation to Zn(ll) 28). Three of the Zn fingers

in TFIA show thisi, i + 5 spacing between the two helical
His residues, and these helices show localized underwinding
to accommodate this spacin@6). To determine whether
these two unusual features of Zapl Zn finger motifs was
important for Zapl function, we first constructed a Zapl

ZRE, suggesting that little additional perturbation of binding
occurred when both the ZRE and the fingers were mutated.
Likewise, sequence variation is seen in the middle 5 bp of
natural ZREs and these sequence variations do not diminish
the effectiveness of a ZRE5), Fourth, whereas wild-type
Zapl bound the MM ZRE with only a modest drop in
affinity, the ZF4 or ZF7 mutants failed to bind to the MM

mutant to reduce the spacing between these two His residuegRE. Fifth, Zap1 binding to half-ZRE duplexes was reduced

to the traditional, i + 4 His spacing by deletion of the Glu

10-fold, a similar drop in affinity as a mutant lacking ZF7

in the LEAV spacer. Second, to evaluate the interfinger function. Since the ZRE is palindromic, we anticipate that

spacing, the SE in the linker was deleted, converting the
linker from LTRGKSEYQ to LTRGKYQ. Neither mutation
had an effect on Zap1l function or Zap1 protein stability. The
two mutant proteins were equally effective in activat#igT1
expression and suppressing the growth defectsipiA cells

on low-Zn medium (data not shown).

DISCUSSION

Our results not only substantiate previous findings that
indicate the full DBD of Zap1 was Zn finger domains 3
but also show that Zapl binds the ZRE as a monomer.
Furthermore, we have determined the role each finger plays
in specific recognition of the 11 base pair ZRE sequence.

ZF4 dominates the Zap1l interaction with half-ZRE duplexes.
The summation of these results demonstrates clearly the
dominance of ZF4 and ZF7 in ZRE recognition, with the
intervening ZF5 and ZF6 domains making lesser contribu-
tions to ZRE interaction. The use of DNA binding helix
mutations to map the important interface for ZRE interactions
is not expected to alter the structure of the Zn fingers as this
face of the helix projects away from the tertiary fold of the
Zn fingers. Furthermore, replacing these residues with Ala
in a minimalist Zn finger peptide did not alter the tertiary
structure 29).

Additional indirect evidence is consistent with the conclu-
sion that Zn finger domains ZF#ZF7 contact the ZRE. First,
the linkers between ZF4 and ZF5, ZF5 and ZF6, and ZF6

On the basis of the consensus sequence derived by Lyons efnd zZF7 conform to the typical seven-residue spacing

al. (7), we predicted that the most important bases in the
sequence for site-specific Zapl binding were the ACC-GGT

(residues separating second His of one finger from the first
Cys of the adjacent finger) found in Zn fingers that contact

ends. These sequences are the most conserved and we finﬁajor-groove DNA sites and contain the conserved basic

them to be of greatest importance for site-specific DNA
binding in vitro.

Given the size of the ZRE, we predicted that only a subset
of fingers bind to DNA, and this was supported by our
mutational analysis of Zapl. Four of the five Zn finger
domains in the minimal DBD appear to contact the ZRE.
Curiously, ZF3 does not appear to make major-groove DNA
contacts. ZF3 resembles finger 1 of Gli, which makes
interfinger proteir-protein contact and no DNA contacts.
Of fingers 4-7, we found that fingers 4 and, to a lesser
extent, 7 play the major roles in contacting the ZRE.

residue important for backbone DNA contact); The
spacer between ZF3 and ZF4 is nonstandard (nine residues)
and lacks the basic residue for backbone DNA contact.
Second, recognition of ACC ends by ZF4 and ZF7 is
consistent with base recognition rules established by site-
selection studies3Q, 31). One model for the ZRE recognition

is shown in Figure 8. If ZF4 contacts the terminal GGT in
the B-ACCTTNAAGGT, the—1, 3, and 6 residues, Gin,
Lys, and Arg, may be expected to contact the base triplet in
an antiparallel fashion resulting in GhT and Arg-G
contacts. These are reasonable hydrogen-bonding contacts
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based on site selection studie®),(31). ZF7 may contact
the opposite ACC triplet through Glu-(@), Asn (3), and
Lys (6) helix residues. Hydrogen bonding by Glu and Asn
with C bases is reasonable on the basis of published site-
selection studies3(). Many site-selection studies are based
on Zif268 variants in which DNA contacts are primarily on
one strand. Other Zn finger proteins contact both strabds (
S0 one cannot be certain whether the Zn finger motifs in
Zapl will exhibit the Zif268 type of DNA contacts.

If DNA contact is restricted to ZF4ZF7, an obvious
question is what roles ZF3 and the upstream ZF1/ZF2 finger
pair have. The ZF1/ZF2 finger pair is interdigitated within

a transcriptional activation domain. Recent evidence suggests

ZF1/ZF2 is involved in Zn regulation of the transcriptional
activation function of Zap1.ZF3 appears analogous to the
first Zn finger motif in Gli. The Gli ZF1 does not contact
DNA, rather, it forms a series of stabilizing interactions with
ZF2 that does contact DNALY). The ZF1/ZF2 interfinger
contacts in Gli consist of contacts of two Trp residues
(oriented in perpendicular fashion) in tBehairpin loops of
the two Zn finger motifs and interhelical packing with
hydrophobic contactsl{). These contact residues in Gli are
conserved in ZF3 and ZF4 in Zapl. The loss of Zap1 stability
in mutant variants with substitutions in the putative contact
residues is expected if ZF3/ZF4 in Zapl were packed
together as ZF1/ZF2 in Gli. ZF3 in Zapl may function in
anchoring ZF4 for DNA contacts. This may account for the
greater observed contribution of ZF4 in ZRE recognition than
ZF7. Interfinger interactions are known to organize the
protein—DNA interaction (5). An interfinger contact in
Zif268 is thought to orient an Arg residue for DNA contact
(15).

An important unresolved question with Zapl is the
mechanism by which Zn(ll) inhibits Zapl DNA binding
function. A number of scenarios arise from this present work.
Disruption of the ZF3/ZF4 finger pair may abrogate DNA
binding. Alternatively, the ZF3/ZF4 interfinger contact may
create an interface for an inhibitory interaction with a
regulatory protein. Gli interacts with a second molecule Zicl
that may be involved in transcriptional regulation, but this
contact is outside the finger paiB2). Further studies are
needed to resolve the mechanism of Zn regulation of Zapl
function.
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