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ABSTRACT: ZFY,  a putative transcription factor encoded by the human Y chromosome, contains a distinctive 
two-finger repeat: odd-numbered and even-numbered CC/HH metal-binding motifs exhibit systematic 
alternation in sequence pattern. Such alternation, which is not generally observed in zinc-finger proteins, 
has also been described in an  extensive family of Kruppel-like genes in Xenopus laevis and in the AIDS- 
associated human DNA-binding protein HIV-EPl  . The  strict conservation of a two-finger repeat among 
ZFY-,  Kruppel- and HIV-related zinc-finger proteins suggests distinct mechanisms of protein-nucleic acid 
recognition. T o  test whether this sequence pattern reflects an underlying alternation in domain structure, 
we have synthesized and characterized single-finger peptides from the human Z F Y  gene. Remarkably, 
systematic differences in metal-dependent folding a re  observed in the circular dichroism spectra of even- 
and odd-numbered domains. Our results suggest the existence of distinct CC/HH finger submotifs, which 
may play different roles in nucleic acid recognition 

T h e  Zn-finger motif defines a conserved class of eukaryotic 
nucleic acid binding proteins involved in the regulation of gene 
expression and the specification of cell fate (Klug & Rhodes, 
1987). Originally described as a metal-binding site in Xenopus 
transcription factor TFIIIA (Brown et al., 1985; Miller et al., 
1985), the Zn finger contains two cysteine and two histidine 
residues with characteristic spacing (Berg, 1987). An isolated 
Zn finger forms an independent folding unit (Frankel et al., 
1987), and 2D N M R '  studies of single-finger peptides dem- 
onstrate a compact globular domain in which the divalent 
metal is encaged (Parraga et al., 1988; Lee et al., 1989; 
Parraga et al., 1990). The N-terminal portion, containing the 
conserved cysteines, forms a @-sheet and -turn; the C-terminal 
portion, containing the conserved histidines, forms an a-helix. 
The N M R  data confirm major features of structural models 
proposed earlier on the basis of an analysis of known metal- 
binding sites (Berg, 1988) and independently by computer- 
based molecular modeling methods (Gibson et al., 1988). 

Although the mechanism of DNA recognition by Zn fingers 
is not presently understood, Klug and colleagues have proposed 
two general models (Fairall et al., 1986). In model I the 
protein follows the helical path of the major groove; consecutive 
fingers are equivalently oriented with respect to the DNA, and 
so the structural repeat is one finger. In model I1 the protein 
lies along one face of the double helix; alternating fingers make 
inequivalent DNA contacts in accord with a two-finger repeat. 
A majority of Zn-finger sequences exhibit a single-finger re- 
peat, consistent with model I (Gibson et al., 1988). However, 
families of sequences exhibiting second-order repeats are also 
observed, as defined by systematic differences between odd- 
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and even-numbered domains. Examples include the ZFY- 
related gene family (Page et al., 1987b; Schneider-Gadicke 
et al., 1989), Kruppel-related sequences in Xenopus laeuis 
(Nietfeld et al., 1989), and a recently described human 
DNA-binding protein that recognizes the HIV-1 enhancer 
(Maekawa et al., 1989) and p-interferon promoter (Fan & 
Maniatis, 1990). The structural implications of these sequence 
repeats are not presently understood. 

ZFY-related sequences define a highly conserved vertebrate 
gene family (Page et al., 1987b; Bull et al., 1988; Sinclair et 
al., 1988; Mardon & Page, 1989; Mardon et al., 1989, 1990; 
Mitchell et al., 1989; Schneider-Gadicke et al., 1989; Nag- 
amine et al., 1990; DiLella et al., 1990) and thus provide a 
model for structural studies of second-order repeats. Originally 
identified from studies of apparent sex reversal in man (de la 
Chapelle, 1972; Page et al., 1987a,b), ZFY is presently thought 
to be involved in spermatogenesis (Palmer et al., 1989; 
Koopman et a]., 1989). Like previously characterized eukar- 
yotic transcription factors (Hope & Struhl, 1986; Ma & 
Ptashne, 1987), ZFY encodes on separate exons an acidic 
domain (presumed to activate transcription) and a putative 
DNA-binding domain. The latter contains 13 Zn fingers, 
shown in Figure 1. Whereas the odd-numbered domains are 
similar to the general Zn-finger consensus (Klug & Rhodes, 
1987; Gibson et al., 1988), the even-numbered domains exhibit 
systematic differences. To explore the structural meaning of 
these sequence differences, we have synthesized six single- 
finger peptides from the human ZFY sequence. Three cor- 
respond to odd-numbered fingers (domains 3, 5 ,  and 7), and 
three correspond to even-numbered fingers (domains 6, 8, and 
12). Remarkably, odd and even domains are observed to 
exhibit an alternation in domain architecture. 
MATERIALS AND METHODS 

Peptide Synthesis. Odd-numbered domains were synthe- 
sized as peptides corresponding to domain positions 74-1 01 
(designated ZFY-3; 28 residues), 134-1 62 (designated ZFY-5; 

' Abbreviations: CD, circular dichroism; HPLC, high-performance 
liquid chromatography; 2D NMR, two-dimensional nuclear magnetic 
resonance. 
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FIGURE 1: Sequences of ZFY and ZFX exhibiting an alternation between odd and even sequence patterns. The cysteine and histidine residues 
presumed to be involved in metal coordination are boxed, and the alternating position of the central aromatic residue is indicated by arrows. 
Odd-numbered peptides have the following sequences: ZFY-3, KAIECDECGKHFSHAGALFTHKMVHKEK; ZFY-5, 
KPHICVECGKGFRHPSELRKHMRIHTGEK; ZFY-7, KPFKCDICLLTFSDTKEVOOHALIHOESK. Even-numbered DeDtides have the 
following sequences: ZFY-6 (N), KPYQCQYCEYRSADSSNLKTHIKTKHSKEK; ZFY-'8: KTHQCiHCDHKSSNSSDLKRHhVHTKDK; 
ZFY- 12, KVYQCEYCEYSTTDASGFKRHVISIHTKDK. 

29 residues), and 191-219 (designated ZFY-7; 29 residues) 
(Figure 1). The even-numbered domains were synthesized as 
30-residue peptides corresponding to residues 162-1 91 (ZFY 
6), 219-248 (ZFY 8), and 332-361 (ZFY 12). To enhance 
the solubility of the peptide and avoid methionine oxidation, 
C- or N-terminal hydrophobic or methionine residues in the 
native sequence were replaced by lysine (residues F74, M191, 
Y248, and Y361; Figure 1 ) .  Domains 5, 6, and 7 were syn- 
thesized by the solid-phase procedure (Barany & Merrifield, 
1979; Stewart & Young, 1984) using the Applied Biosystems 
synthesizer and t-BOC amino acids. Peptides commmenced 
with 0.5 mmol of initial residue on PAM-resin, providing a 
C-terminal carboxyl group. Double symmetric anhydride 
couplings were used throughout, monitored by quantitative 
ninhydrin tests (Stewart & Young, 1984) to assure 
99.1%-99.3% coupling a t  each step. Domains 3, 8, and 12 
were synthesized by using fluorenylmethoxycarbonyl (Fmoc) 
amino acids (Chang & Meienhofer, 1978; Atherton et al., 
1978) on a Biosearch/Milligen synthesizer. The initial residue 
was linked to a p-alkoxybenzyl alcohol resin, also providing 
a C-terminal carboxyl group. 

Peptide Purification. A total of 75 mg of lyophilized, 
cleaved peptide was dissolved in 0.1% acetic acid, passed over 
a Sephadex (3-50 column, and eluted with 50 m M  ammonium 
acetate (pH 5.0). A single predominant peptide peak was 
eluted with a position consistent with that of a peptide mo- 
nomer. The gel-filtered material was further purified following 
reduction (below) by reversed-phase H P L C  using a C-18 
semipreparative column. 

Reduction of cystine to cysteine was accomplished by re- 
action with 0.5 M dithiothreitol in 100 m M  Tris-HCI (pH 7.7 
at  20 "C) at 60 O C  for 1-3 h. Reduced and oxidized peptides 
were separated by reversed-phase HPLC using an acetonitrile 
gradient. The reduced peptide was lyophilized and stored in 
vacuo. 

Peptide Characterization. The amino acid composition and 
sequence of each peptide were determined to verify the pre- 
dicted structure. Preview analysis, performed as described by 
Tregear et al. (1 977), showed all purified peptides to be a single 

sequence free from any deleted residues or truncated frag- 
ments. The reduction status of cysteines following DTT 
treatment was confirmed by reaction with iodoacetate followed 
by sequencing. 

The aggregation state of representative odd and even fingers 
(domains 5 and 6, respectively) was determined by gel-fil- 
tration chromatography using Sephadex G-50 (fine) and found 
to be monomeric at  the concentration and conditions of study. 
The elution position expected for a monomeric peptide was 
calibrated in reference to a fragment of parathyroid hormone 
(residues 1-34). The column buffer contained 1 m M  ZnC1, 
in 50 m M  Tris-HCI (pH 7.5). 

Absorption Spectroscopy. Metal binding of the cobalt 
complex was evaluated by absorption from 220 to 800 nm 
(Frankel et al., 1987). A total of 0.5 mg of reduced peptide 
was dissolved in 100 p L  of 0.1 N acetic acid containing 15 
m M  cobalt chloride. The solution was brought to 1 mL by 
addition of 100 m M  Tris-HC1 (pH 8.0), providing a final 
concentration of 0.15 m M  peptide and 0.15 m M  cobalt 
chloride. A control solution, prepared similarly but without 
peptide, was used as a reference. 

Circular Dichroism. C D  spectra were obtained with an Aviv 
spectropolarimeter. Samples were dissolved in Tris-HCI buffer 
(see below) a t  a peptide concentration of 0.1 m M  and placed 
in a 1-mm path-length cuvette. Peptide concentrations were 
measured in C D  samples by quantitative amino acid analysis 
following acid hydrolysis. 

Buffers. Absorption measurements and C D  were performed 
in 50 m M  Tris-HC1 (pH 7.5) containing successive aliquots 
of CoCI, or ZnC1, as described in the appropriate figure 
legends. For pH titrations this buffer was mixed with aliquots 
of 0.1% acetic acid (containing the same concentration of 
CoC1, or ZnCI2) to achieve intermediate pH conditions. T o  
delay oxidation of the peptide, buffers and solvents were 
flushed with Ar or N2 immediately prior to use. 

RESULTS 
Metal Binding. The participation of cysteine in tetrahedral 

metal coordination may be inferred from the absorption 
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FIGURE 2: Metal-dependent folding and helix formation as demon- 
strated by CD spectra in the presence (0) and absence (.) of Co2' 
at pH 7.5. The stability of the ZFY-6/Co2+ complex may be mon- 
itored by the pH dependence of the ellipticity at 222 nm; a parallel 
pH dependence is observed by absorbance spectroscopy (Figure 3). 

4.3; (V) pH 3.2. 

spectrum of the Co2+-peptide complex (Frankel et al., 1987). 
The Co2+ spectra of the even and odd ZFY domains exhibit 
identical d-d and charge-transfer bands. In addition, both odd- 
and even-numbered complexes exhibit displacement of Co2+ 
by equimolar Zn2+ (data not shown). 

Metal-Dependent Folding. Following reduction, both odd 
and even domains exhibit metal-dependent folding, as indicated 
by C D  studies of 1 : 1 Zn2+- and Co2+-peptide complexes. The 
changes observed in the C D  spectrum upon addition of 
equimolar ZnCI, or CoCI, (negative ellipticity with inflections 
near 208 and 222 nm; Chang et  al., 1978) are in accord with 
the formation of an a-helix. Such changes are not observed 
with oxidized peptides (data not shown). Metal-dependent 
helix formation is illustrated in the case of ZFY-6 in Figure 
2: the C D  spectrum a t  pH 7.5 in the presence of Co2+ is 
indicated by open circles and in the absence of metal by solid 
squares. No further spectroscopic changes a t  pH 7.5 are 
observed with additional ZnCI, or CoCI,, consistent with a 
1:l complex (data not shown). Progressive loss of ordered 
structure is observed under acidic conditions and correlates 
with loss of metal binding (see below). The C D  spectrum of 
the acid-dissociated form (pH 3.2; solid triangles) is similar 
to that of the reduced peptide in the absence of metal at  pH 
7.5 (solid squares). 

Structural Stability. To evaluate the relative stabilities of 
odd and even fingers, metal-dependent folding may be observed 
as a function of pH. Titration of cysteine and/or histidine 
side chains results in release of the bound metal, as monitored 
by Co2+ absorbance (not shown), and attendant loss of ordered 
structure (Figure 2). The relative pH stabilities of odd and 
even domains are shown in Figure 3. No consistent distinction 
between odd- and even-numbered domains is observed. 

General Differences between Odd and Even Fingers. De- 
spite overall similarities in metal coordination and range of 
stabilities, odd and even Zn fingers exhibit systematic struc- 
tural differences. The C D  spectra of the six Zn2+ peptide 
complexes are shown in Figure 4. The even fingers (ZFY-6, 
-8, and -12; panel A) consistently exhibit more extensive helix 
formation than the odd fingers (ZFY-3, -5, and -7; panel B). 
These differences a re  not due to confounding changes in ol- 
igomeric state, to altered equilibria between folded and un- 
folded forms, or to kinetic barriers arising from conditions of 
initial dissolution. Odd- and even-numbered domains thus 
form distinguishable subclasses, providing evidence for a 
conserved structural repeat. 

(A) pH 6.8; (----) pH 6.0; (---) pH 5.4; (--) pH 5.2; ( - - - )  pH 

N- 

m 

2 5 L  

P H  

FIGURE 3: Relative pH stabilities of odd and even Zn fingers as 
measured by amplitude of Co2+ d-d absorbance bands. Three fingers 
are more stable [ZFY-5 (A), ZFY-6 (V), and ZFY-12 (O)], and three 
are less stable [ZFY-8 (A) ,  ZFY-3 (e), and ZFY-7 (V)]. No 
consistent difference between odd and even subclasses is observed. 
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FIGURE 4: (A) CD spectra of even-numbered peptide-Zn*' complexes: 
ZFY-6 (-), ZFY-8 ( - - - ) ,  and ZFY-12 (--). (B) CD spectra of 
odd-numbered peptide-Zn2+ complexes: ZFY-3 (- - -), ZFY-5 (--), 
and ZFY-7 (-). 

ZFY-3 contains substantially less a-helix than the other 
peptides of its class (dotted line in Figure 4B). Indeed, little 
ordered secondary structure is observed upon formation of the 
reduced Zn2+ complex relative to the oxidized complex (not 
shown). A tetrahedral binding site is nevertheless maintained 
by stable tertiary interactions, as indicated by guanidine de- 
naturation studies of the Co2+ complex (not shown). Inter- 
estingly, the third domain is the only Zn-finger sequence that 
is not conserved as a functional metal-binding site among the 
Z F Y  gene family (Figure 5): Zfb (chicken) contains a Cys - Arg substitution in the first ligand site (DiLella et al., 1990), 
Zfa (Mus musculus autosomal sequence) contains a Cys - 
Tyr substitution in the second ligand site (Mitchell et al., 1989; 
Mardon et al., 1990), and Zfy-2 ( M .  musculus) contains a 
deletion of six residues spanning the third ligand site (Nag- 
amine et al., 1990; R. Lovell-Badge, personal communication). 

DISCUSSION 
2D N M R  studies of ADRl  and Xfin fingers have revealed 

a globular minidomain in which ZnZ+ is rigidly encaged 
(Parraga et al., 1987, 1990; Lee et al., 1988). These structures 
exhibit overall similarities in accord with the previous pre- 
dictions of Berg (1987) and Gibson et al. (1987). However, 
the structures of A D R l a  and Xfin-31 peptides differ in im- 
portant respects, including the extent of metal-dependent helix 
formation. The origins and generality of such differences are 
of major interest, since the existence of distinct finger subtypes 
would have implications for the mechanism(s) of D N A  rec- 
ognition. The present study of ZFY-derived peptides dem- 
onstrates that significant variations exist in the structures of 



Accelerated Publications Biochemistry, Vol. 29, No. 24, 1990 5663 

ZFY-3 exhibits an essentially nonhelical metal-dependent 
structure. The absence of significant secondary structure in 
the human ZFY-3 peptide presumably reflects the absence 
of selection pressure constraining the third domain as a 
“cannonical” finger. W e  propose that the third domain is not 
directly involved in protein-DNA contacts but has diverged 
as, for example, a spacer between conserved recognition ele- 
ments. This proposal is in general accord with detailed studies 
of the interaction between Xenopus transcription factor 
TFIIIA and its cognate D N A  and R N A  target sites (Vrana 
et al., 1988). Promoter mutagenesis studies demonstrate that 
DNA contact points in the 5s internal control region are not 
regularly spaced (Pieler et  al., 1987). In this system certain 
Zn fingers appear to contribute more to the overall free energy 
of binding than do others, and finger 1 is proposed to contact 
the transcriptional machinery rather than to bind D N A  di- 
rectly (Nietfeld et al., 1987). 

DNA-binding proteins containing two-finger repeats may 
arise in vertebrate evolution through the duplication of an 
ancestral two-finger unit. Such sequence patterns may simply 
reflect corresponding duplications in target D N A  sites (Page 
et al., 1987b). Alternatively, the observed sequence repeats 
may reflect the existence of distinct mechanisms of Zn-fin- 
ger-mediated D N A  recognition. Klug and colleagues have 
proposed two general models of the protein-DNA complex, 
which differ in their symmetry (Fairall et al., 1986). In model 
I the protein follows the helical path of the major groove; the 
structural repeat is one finger. In model I1 the protein lies 
along one face of the double helix, and the structural repeat 
is a two-finger unit (Berg, 1988). The second model predicts 
the existence of distinct odd- and even-specific architectures 
and is consistent with the conservation of tandem repeats in 
the ZFY- and Kruppel-related gene families (Page et al., 
1987b; Nietfeld et al., 1989). It is important to note, however, 
that distinct architectures may recognize DNA by a common 
mechanism (conversely, similar architectures may be used in 
different ways). Accordingly, distinguishing between models 
I and I1 will require structural studies of representative pro- 
tein-DNA complexes. 

In summary, Z F Y  provides a model system in which to 
explore the relationship between sequence repeats and un- 
derlying structural features. We have shown that odd and even 
Zn-finger peptides from ZFY exhibit alternating patterns of 
metal-dependent folding. Further characterization of repre- 
sentative odd and even Z F Y  domains by 2D N M R  is in 
progress and may provide a foundation for analyzing their 
respective modes of D N A  binding. 
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