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Alternating Zinc Finger Motifs in the Male-Associated Protein ZFY: Defining
Architectural Rules by Mutagenesis and Design of an “Aromatic Swap”
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ABSTRACT: We describe spectroscopic and biochemical studies of native and mutant Zn finger peptides
from ZFY, a putative transcription factor encoded by the sex-determining region of the human Y chromosome.
The parent peptide, based on ZFY domain 6, exhibits metal-dependent helix formation within a rigid tertiary
framework. Nonaromatic substitutions of the consensus aromatic group (Tyr10—Ser or Lys) are surprisingly
compatible with native architecture but result in loss of stability to pH or guanidine denaturation. Re-
markably, these perturbations are reverted by a second-site mutation in which an alternative aromatic residue
is introduced (Ser12—Phe). Design of the second-site revertant (“aromatic swap”) is based on the ZFY
two-finger repeat, a conserved symmetry among the ZFY-related zinc finger proteins, and is in accord with
recent 2D NMR structures of Zn finger peptides. These experiments suggest general rules for metal-de-

pendent folding of the Zn finger motif.

’]:le Zn finger motif defines a highly conserved class of eu-
karyotic nucleic acid binding proteins (Klug & Rhodes, 1987,
Evans & Hollenberg, 1988). A general template (Frankel &
Pabo, 1988) has been proposed on the basis of sequence
homologies, consisting of (i) appropriately spaced cysteine and
histidine residues involved in metal coordination (Berg, 1987)
and (ii) conserved hydrophobic residues apparently required
for proper tertiary structure (Berg, 1988; Gibson et al., 1988).
This template has been shown to define an independent unit
for metal-dependent protein folding (Frankel et al., 1987) as
a globular minidomain (Parraga et al., 1988; Lee et al., 1989).
What is the informational content of the consensus template?
Is there a canonical Zn finger, and, if so, are there specific
rules that distinguish this structure from general metal-binding
sites?

To address these questions, we describe comparative studies
of native and mutant peptides derived from ZFY. Originally
identified from studies of sex reversal in man (de la Chapelle,
1972; Page et al., 1988), this gene on the Y chromosome
apparently encodes a transcription factor involved in sper-
matogenesis (Palmer et al., 1989; Koopman et al., 1989). Its
sequence and genomic organization are similar to those of
previously characterized eukaryotic transcription factors, en-
coding putative domains for DNA-binding and transcriptional
activation (Hope & Struhl, 1986; Ma & Ptashne, 1987). The
ZFY DNA-binding domain consists of 13 zinc fingers (Page
et al., 1987). A homologous gene has been identified on the
X chromosome of placental mammals (Schneider-Gadicke et
al., 1989).

ZFY-related Zn finger proteins are distinguished from the
general class of Zn finger proteins by the presence of a two-
finger repeat (Page et al., 1987, Bull et al., 1988; Sinclair et
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al., 1988; Mardon & Page, 1989; Mardon et al., 1989; Mitchell
et al., 1989; Schneider-Gadicke et al., 1989; Nagamine et al.,
1990; DiLella et al., 1990). The odd-numbered domains
(fingers 1, 3, 5,7, 9, 11, and 13) fit the general Zn finger
consensus sequence (Gibson et al., 1988), whereas the even-
numbered domains (fingers 2, 4, 6, 8, 10, and 12) exhibit
systematic differences. This alternation is strictly conserved
among the ZFY-related Zn finger proteins and makes ZFY
an attractive model system in which to study general features
of Zn finger architecture. Indeed, pairwise alternations in
finger sequence have recently been observed among a family
of Xenopus genes related to the Kruppe! locus (Nietfeld et
al., 1989) and in a human DNA-binding protein that recog-
nizes the enhancer element of the human immunodeficiency
virus HIV-1 and a related element in the 8-inteferon promoter
(Maeckawa et al., 1989; Fan & Maniatis, 1990). We have
recently shown that odd and even ZFY domains exhibit dis-
tinguishable patterns of metal-dependent folding (Weiss et al.,
1990).

In this paper the structural meaning of one alternating
feature—the position of the central aromatic residue—is in-
vestigated by mutagenesis and design of a second-site revertant,
Although our approach is synthetic, the language of molecular
biology will be used to emphasize the genetic implications of
these studies. The parent peptide is derived from ZFY domain
6 (designated ZFY-6; Figure 1A), whose structure is repre-
sentative of the even subclass of ZFY-related zinc fingers. Our
results demonstrate that the Zn?* affinity of the Cys-X,-
Cys/His-X,-His metal-binding motif is modulated by the
stability of its tertiary structure. Within this motif the al-
ternative aromatic positions (“aromatic swap”) observed in the
ZFY-related Zn finger proteins provide similar stabilizing
interactions in the hydrophobic core. This study, combining
mutagenesis and structural characterization, represents a first
step toward defining rules for the folding and stability of the
Zn finger.

MATERIALS AND METHODS

Peptide Synthesis and Characterization. Peptides (Table
I) were synthesized by the solid-phase procedure (Barany &
Merrifield, 1979; Stewart & Young, 1984) and purified fol-
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Table I: Primary Structure of ZFY-6 and Analogues®
Peptide Sequence

ZFY-6 KPYQCQYCEYRSADSSNLKTHIKTKHSKEK
1.5 10 15 20 25

-

{
KPYQCQYCESRSADSSNLKTHIKTKHSKEK
1 5 10 15 20 25

ZFY-6[Y108]

1 .
KPYQCQYCEKRSADSSNLKTHIKTKHSKEK
1 5 10 15 20 25

ZFY-6[Y10K]

L *
KPYQCQYCEKREADSSNLKTHIKTKHSKEK
1 5 10 15 20 25

ZFY-6[Y10K; S12F]

1
KPYQCQYCEYREADSSNLKTHIKTKHSKEK
1 5 10 15 20 25

ZFY-6[S12F]

“Mutations at positions 10 and/or 12 are indicated by arrows. In
each peptide a C-terminal lysine (indicated by asterisks) has been
substituted for the methionine occurring at exon position 191 in the
native sequence. The cysteines and histidines involved in metal binding
are shown in boldface, and the conserved aromatic (Y10) and leucine
(L18) are underlined.

lowing reduction (below) by reversed-phase HPLC as previ-
ously described (Weiss et al., 1990). Quantitative ninhydrin
tests were used to monitor coupling efficiency, which averaged
99.1-99.3%. The following protecting groups were used on
the ter+-BOC amino acids: chlorobenzoxy (Lys), carbobenzoxy
(His), bromobenzoxy (Tyr), methylbenzyl (Cys), benzyl (Ser,
Thr, Glu, Asp), and tosyl (Arg).

Peptide Purification. Lyophilized, HF-cleaved peptide (75
mg) was dissolved in 0.1% acetic acid and passed over a
Sephadex G-50 column and eluted with 50 mM ammonium
acetate (pH 5.0). A single predominant peptide peak was
eluted at a position consistent with that of a peptide monomer.
The gel-filtered material was further purified following re-
duction (below) by reversed-phase HPLC (Beckman Gradient
System 334) using a C-18 semipreparative column (Bio-Rad
RP-300).

Peptide Characterization. The amino acid composition
(Beckman Model 6300) and sequence (Beckman System 890)
of each peptide were determined as described to verify the
predicted structure. Preview analysis was performed following
each step of purification as described (Tregear et al., 1977).
The reduction status of cysteines (below) was confirmed
following DTT treatment by reaction with iodoacetate followed
by sequencing. Peptide concentration was determined by
quantitative compositional analysis following acid hydrolysis.

Reduction of Cystine to Cysteine. The gel-filtered material
consisted predominantly of oxidized monomers containing an
intrachain disulfide. Reduction was accomplished by reaction
with 0.5 M dithiothreitol in 100 mM Tris-HCI (pH 7.7 at 20
°C) at 60 °C for 1-3 h. Reduced and oxidized peptides were
separated by reversed-phase HPLC using an acetonitrile
gradient. Solvents were purged with argon prior to use. The
reduced peptide was lyophilized and stored in vacuo.

Aggregation state was determined by gel filtration chro-
matography (Sephadex G-50 fine). The elution position ex-
pected for a monomeric peptide was calibrated in reference
to a fragment of parathyroid hormone (residues 1-34).

Visible Absorption Spectroscopy. Metal binding of the
cobalt complex was evaluated by visible absorption from 220
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FIGURE 1: (A) Schematic representation of ZFY-6. Conserved
residues involved in metal coordination (C5, C8, H21, and H26) and
sites of alternative aromatic residues (Y10 and S12) are shaded;
mutations at positions 10 and 12 are shown in striped circles (Table
I). (B-D) Rationale for the aromatic swap experiment: in a 8-strand
aromatic rings at positions i or i + 2 (in the present case Y10 and
F12) may be oriented to occupy similar positions in space.

to 800 nm as described (Frankel et al., 1987) by using a
Beckman Model 15 spectrophotometer. A control solution
without peptide was used as a reference. In each case 0.5 mg
of reduced peptide was dissolved in 200 uL of 0.1 N acetic
acid containing 15 mM cobalt chloride. The solution was
brought to 1 mL by addition of 100 mM Tris-HCI (pH 8.0),
providing a final concentration of 0.15 mM peptide and 0.15
mM cobalt chloride.

Circular Dichroism. CD! spectra were obtained by using
an Aviv model spectropolarimeter. Samples were dissolved
in Tris-HCI buffer (below) at a peptide concentration of 90
M and placed in a 1 mm path length cuvette. Peptide con-
centrations in CD samples were determined by quantitative
amino acid analysis following acid hydrolysis.

NMR Spectroscopy. Spectra were obtained at Columbia
College of Physicians and Surgeons; Francis Bitter National
Magnet Laboratory, MIT; NMR Facility of the University
of Wiscosin, Madison; and Laboratory of Chemical Physics,
National Institues of Health.

Buffers. Absorption and CD spectra were performed in 50
mM Tris-HCI (pH 7.5) containing successive aliquots of CoCl,
or ZnCl,. For pH titrations this buffer was mixed with ali-
quots of 0.1% acetic acid (containing the same concentration
of CoCl, or ZnCl,) to achieve intermediate pH conditions. For
NMR measurements deuterated Tris-HCl was used. To delay
oxidation of the peptide, buffers were purged with argon or
N, immediately prior to use.

RESULTS

Peptide Design and Rationale. The sequence of ZFY-6
(Figure 1A) derives from domain 6 of ZFY (residues 161-191
of the putative DNA-binding domain; Page et al., 1987). This
even-numbered domain follows the consensus

(N) K-ArQC-YHC-EY=-S§/T----EL--H----H §/TK

1 5 10 15 20 25

where Ar denotes an aromatic group (His, Phe, or Tyr). The

! Abbreviations: CD, circular dichroism; NMR, nuclear magnetic
resonance.
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FIGURE 2: pH dependence of the visible absorbance spectrum of the
ZFY-6/Co%" complex: (a) pH 7.5; (b) pH 6.6; (c) pH 6.25; (d) pH
5.65; (e) pH 5.25; (f) pH 4.8.

cysteines and histidines involved in metal binding are indicated
in boldface, and the conserved central aromatic residue is
underlined. ZFY-6 contains a C-terminal lysine in place of
methionine in the native sequence (exon position 191). This
modification is included to enhance the solubility of the peptide
and avoid methionine oxidation.

Design of ZYF-6 analogues was guided by general features
of odd- and even-numbered domains. The odd-numbered
domains are similar to the general Zn finger template (Gibson
et al., 1988)

() hP Az-C~- - C- K =- _E ----EL--H---H - A/G-
1 5 10 15 20 25

where h denotes a hydrophobic residue. The odd consensus
differs from that of the even (including ZFY-6) in the position
of the conserved central aromatic group (F12; underlined
above). To investigate the structural meaning of this differ-
ence, analogues of ZFY-6 containing mutations at positions
10 and 12 were prepared (Figure 1A). These analogues are
designated according to their amino acid substitution, i.e.,
ZFY-6[Y10K], ZFY-6[Y 108}, etc.; their sequences are shown
in Table 1.

In each case the reduced peptide exhibited an elution pos-
ition in reversed-phase HPLC different from that of an oxi-
dized form containing an intramolecular disulfide bond (data
not shown). HPLC separation thus enabled the reduced and
oxidized forms to be characterized individually and also pro-
vided an assay for inadvertant oxidation in the course of
spectroscopic studies. The oligomeric state of the parent
Zn?* /peptide complex was evaluated by gel-filtration and
found to be monomeric at the concentration and conditions
of study.

Characterization of ZFY-6. The structure and metal-de-
pendent folding of ZFY-6 are described as a baseline for
comparative studies of mutant peptides (see Design of Sec-
ond-Site Revertant). Atomic absorption, CD, and 1D 'H
NMR spectra provide evidence for a miniglobular domain,
whose unfolding may be monitored as a function of pH and
guanidine concentration.

(a) Metal Binding. The ability of reduced ZFY-6 to bind
divalent metals is verified by observation of Co?* thiolate
charge transfer and d—d bands in the visible absorption
spectrum of an equimolar Co?* complex (Figure 2, spectrum
a). The absence of these transitions in the presence of
equimolar Zn?* (not shown) reflects the greater stability of
the Zn?*/peptide complex; loss of charge transfer and d-d
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FIGURE 3: (A) Far-UV CD spectra of wild-type ZFY-6 as Zn?**
complex (spectrum c) and aromatic-less mutant fingers Y10K
(spectrum a) and Y10S (spectrum b). (B) CD spectra of wild-type
ZFY-6/Zn*" complex (spectrum c), “aromatic swap” analogue [Y10K;
S12F] (spectrum d), and doubly aromatic analogue S12F (spectrum
e). The CD spectra of the wild-type peptide and the S12F analogue
in the absence of divalent metal are labeled g and f, respectively.
Normalized units (vertical axis at right) in this and the following
figures are inadvertently 10% low; i.e., —10 should read —11, etc.
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FIGURE 4: 600-MHz 'H NMR spectrum of ZFY-6/Zn>* complex
at 25 °C in 50 mM deuterated Tris-HCI (pH 6) and 90% H,0/10%
D,0. The C,H resonances of H21 and H26 are labeled a and b,
respectively; the corresponding C4H resonances are labeled d and c.
The water resonance was suppressed by presaturation.

bands also occurs following oxidation of the Co** complex (not
shown).

(b) Secondary Structure. Metal-dependent formation of
a-helix is demonstrated by circular dichroism. In the absence
of Zn** the CD spectrum of ZFY-6 is essentially without
ordered structure (spectrum g in Figure 3B); upon addition
of equimolar ZnCl, a dramatic change is observed, charac-
teristic of an a-helix (spectrum ¢ in Figure 3B). No further
changes occur at higher concentrations of Zn?*, as expected
for a 1:1 complex. A similar transition is observed upon
addition of CoCl, (Weiss et al., 1990).

(c) '\H NMR Spectroscopy. In the absence of divalent metal
the NMR spectrum of ZFY-6 resembiles that of a random cail.
In contrast, the 1D '"H NMR spectrum of the Zn**/peptide
complex at 600 Mhz exhibits marked dispersion of chemical
shifts, reflecting a folded globular structure (Figure 4). The
C,H resonances of H21 and H26 are labeled a and b, re-
spectively; the corresponding C,H resonances are labeled d
and ¢. The stability of these interactions is indicated by the
observation of slowly exchanging amide resonances in D,O for
several hours (pH 6 and 30 °C; not shown). 2D NMR spectra
of ZFY-6 and related analogues contain a single set of spin
systems, indicating that the Zn?>* complex adopts a unique
structure in solution. These qualitative features suggest that
ZFY-6, like ADR1 (Parrada et al., 1988) and Xfin-31 (Lee
et al., 1989) peptides, forms a rigid and well-defined tertiary
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FIGURE 5: Partial unfolding of ZFY-6 in (A) Zn?** complex and (B)
Co?* complex as a function of guanidine hydrochloride concentration
at 22 °C. Guanidine concentrations: (—) 0 M; (---) 0.5 M; (---)
1.6 M; (--) 29 M; (O) 3.9 M; (---~) 6.2 M; (@) 9 M. CD spectra
in the absence of metal are indicated in both panels by open circles
(0). Asterisk indicates conditions under which metal binding is
retained as indicated by the absorption spectrum of the Co?* complex.
The peptide concentration was 113 uM.

structure encaging the metal. Sequential assignment of the
NMR spectrum of ZFY-6 and detailed structural analysis will
be published separately.

(d) Zn** affinity of ZFY-6 may be assessed by competition
with known chelators. Successive addition of EDTA is ob-
served to displace Zn?* or Co?* from the finger, resulting in
loss of ordered structure (see Figure 6C). Tenfold molar excess
EDTA is required to displace >50% Zn?* from the wild-type
peptide complex at pH 7.5.

(e) pH Stability. Co?* absorbance bands exhibit progressive
attenuation as the pH is reduced (Figure 2, spectra a—f). This
pH behavior presumably reflects protonation of the histidine
and/or cysteine ligands and provides a measure of structural
stability that may be compared among peptide analogues
(Design of Second-Site Revertant). Half-maximal displace-
ment of the native Co?* complex is observed at pH 5.8; the
associated a-helical transition, as monitored by CD, exhibits
parallel attenuation under acidic conditions (Weiss et al.,
1990). Half-maximal displacement of the Zn?* complex oc-
curs at pH 4.5 (not shown). 'H NMR spectra obtained at the
midpoint of the pH-unfolding curve demonstrate slow ex-
change between folded and unfolded species, reflecting a
two-state process; such two-state unfolding has also been de-
scribed in an ADRI1 finger (Parraga et al., 1990).

() Structural Stability. Partial unfolding of the Zn?*/
peptide complex is observed with successive addition of gua-
nadine hydrochloride at pH 7.5. Such unfolding provides an
additional measure of structural stability that may be com-
pared among analogues (Design of Second-Site Revertant).
Surprisingly, even in saturated guanidine solutions, metal
binding is retained by the native peptide, as indicated by
observation of Co?* d-d bands in the visible absorption
spectrum (not shown). The peptide retains significant ordered
structure under these conditions, as indicated by partial re-
tention of a-helical CD bands (Figure 5). Interestingly, the
Zn** complex (panel A) exhibits less ordered structure in 9
M guanidine hydrochloride than does the Co>* complex (panel
B).

Design of Second-Site Revertant. Four analogues of ZFY-6
were designed to evaluate the structural role of the central
aromatic residue (Y 10) and the implications of its alternative
positioning in odd and even ZFY domains. Characterization
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FIGURE 6. Representative CD spectra of ZFY-6[Y10K]: (A)
spectrum of the reduced analogue in the absence (labeled -) and
presence (labeled +) of equimolar Zn?*; (B) spectrum of the oxidized
analogue (i.e., containing an intramolecular disulfide) in the absence
(labeled -) and presence (labeled +) of equimolar Zn?*; (C) complete
displacement of Zn®* from the reduced complex observed with
equimolar EDTA (spectrum of the intact Zn?* complex is labeled
-, and spectrum of the EDTA-dissociated peptide is labeled +); (D)
unfolding in guanidine hydrochloride. The following concentrations
were used: (—) O M; (---) L8 M; (--) 3.1 M; (---) 4.5 M; (A) 9
M. A control s;nectrum in the absence of divalent metal is shown
(=---). No Co?* binding is detected in the absorption spectrum in
9 M guanidine hydrochloride. Conditions: 90 uM peptide concen-
tration at 22 °C and pH 7.5.
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FIGURE 7: Relative pH stabilities of wild-type and mutant Co?*
complexes. Class I fingers: wildtype (©), aromatic swap analogue
[Y10K; S12F] (©), and doubly aromatic analogue S12F (®). Class
II fingers: Y10K (V) and Y10S (A). Percent bound Co?* was
monitored by amplitude of d—-d absorption bands (Figure 2). pH
midpoints are given in Table II.

Table II: Relative pH Stabilities® of the Co?*-Peptide Complexes

pH pH
peptide midpoint peptide midpoint
ZFY-6 5.8 ZFY-6[S12F] 5.7

ZFY-6[Y10S] 6.25
ZFY-6[Y10K]  6.25

ZFY-6[Y10K; S12F] 5.8

of the parent peptide (see Characterization of ZFY-6) provides
a foundation for comparative study of these analogues. Each
of the mutations studied (Y10S, Y10K, K12F, and Y10K;-
K12F; see Table I and Figure 1A) permits specific tetrahedral
coordination of Co?*, as indicated by identical visible ab-
sorption spectra (not shown). Representative CD data for one
of the analogues (Y10K) are shown in Figure 6. Metal-de-
pendent folding of the reduced peptide and an oxidized control
is shown in panels A and B, respectively; displacement of Zn?*
by EDTA competition is shown in panel C; and progressive
unfolding with guanidine hydrochloride is shown in panel D.
The relative stabilities of the four analogues to denaturation
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FIGURE 8: Relative structural stabilities of wild-type and mutant Zn?*
complexes in guanidine hydrochloride. Class I fingers: wildtype (O),
aromatic swap analogue [Y10K; S12F] (<), and doubly aromatic
analogue S12F (@). Class II fingers: Y10K (V¥) and Y10S (a).

under acidic conditions are shown in Figure 7 and Table II;
relative sensitivities to guanidine hydrochloride are shown in
Figure 8.

(a) Mutation of Y10 Destabilizes the Zinc Finger. CD
spectra of the ZFY-6[Y10K] and ZFY-6[Y10S] Zn** com-
plexes, shown in Figure 3A (spectra a and b, respectively), are
similar to the spectrum of the parent peptide (spectrum c).
Thus, nonaromatic substitutions at position Y10 are surpris-
ingly well tolerated under native conditions. ZFY-6[Y10S]
and ZFY-[Y10K] Zn?* complexes are, however, less stable
than that of the native peptide, as indicated by their relative
pH stabilities (designated class II in Figure 7). In addition,
these analogues (class II in Figure 8) are more sensitive to
guanidine than the native peptide (class I). Relative Zn%**
affinities are also reduced: whereas for the native finger a
10-fold excess of EDTA is required at pH 7.5 for half-maximal
displacement of Zn?*, the Y10K and Y 10S analogues are fully
unfolded in equimolar EDTA (Figure 7C). Although it will
be important in future studies to extend these observations to
nonaromatic hydrophobic residues (e.g., leucine) at positions
10 and 12, the present results demonstrate a coupling between
metal binding and loop sequence mediated by stabilization of
tertiary structure. Such a coupling has previously been inferred
from genetic studies of zinc-supressible Gal/4 mutations in
Saccharomyces cerevisiae (Johnston, 1987).

(b) Design of a Second-Site Revertant. The odd-numbered
domains follow a consensus K10-F12 pattern, in accord with
the general Zn finger consensus. Supposing that Y10-S12 and
K10-F10 provide alternative packing motifs, we predicted that
an aromatic swap second-site mutation, S12F, would struc-
turally revert the instability of ZFY-6[Y10K]. This is indeed
the case (class I in Figures 7 and 8). The CD spectrum of
the second-site revertant (spectrum d in Figure 3B) is similar
to that of ZFY-6 (spectrum c), although it exhibits somewhat
less a-helix.

(¢c) Analogue Containing Two Aromatic Residues. The CD
spectrum of ZFY-6[S12F] (spectrum e in Figure 3B) indicates
partial loss of helical structure relative to ZFY-6 (spectrum
¢) or ZFY-6[Y10K; S12F] (spectrum d). It is possible that
to accommodate the packing of both aromatic rings a per-
turbation is transmitted (via the hydrophobic core) to the
C-terminal helix. This spectroscopic perturbation is partially
reverted by the second-site mutation Y10K (analogue [Y10K;
S12F]; spectrum d). Aromatic contributions may also occur
in this region of the CD spectrum and account in part for
differences among analogues; accordingly, detailed structural
interpretation will require comparative 2D NMR or crystal-
lographic studies. Surprisingly, ZFY-6[S12F] is as stable as
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the native peptide (class I in Figures 7 and 8).

DiscussioN

Two-dimensional NMR studies have been conducted of
single-finger peptides from Saccharomyces protein ADR1 and
Xenopus protein Xfin (Parraga et al., 1988; Lee et al., 1990).
These studies demonstrate a compact globular minidomain in
which the divalent metal is encaged. The N-terminal portion
of the finger, containing the conserved cysteines, forms a
B-sheet and turn; the C-terminal portion, containing the
conserved histidines, forms an «a-helix. These features are in
accord with earlier structural models (Berg, 1988; Gibson et
al., 1988). However, the two NMR structures appear to differ
in important respects, and the origins, generality, and func-
tional implications of these differences are not presently un-
derstood. Are there general rules that regulate metal-de-
pendent folding? Recent studies of peptide analogues of the
ADRI fingers (Parrage et al., 1990) indicate that thiol and
imidazole participation in zinc binding (with proper spacing)
are specific requirements for proper folding of the finger motif.
These results are extended in the present work to examine the
informational content of conserved “framework” residues in
the hydrophobic core.

The ZFY gene family—encoding a subgroup of Zn finger
proteins distinguishable by a two-finger repeat—provides a
model system for studying sequence-dependent variations in
finger architecture. Odd-numbered domains resemble the
general Zn finger consensus, whereas even-numbered fingers
show systematic differences (Page et al., 1987). Because these
differences have been strictly conserved among vertebrates,
they are likely to identify positions of high informational
content. We have recently shown that odd and even ZFY
domains exhibit similar but not identical patterns of metal-
dependent folding as monitored by circular dichroism (Weiss
et al., 1990).

In this paper we have explored the structural meaning of
one aspect of the two-finger repeat—the alternative position
of the central aromatic residue—in a peptide model of an
even-numbered domain (domain 6 in the human ZFY se-
quence; residues 161-191 of the putative DNA-binding do-
main). Analogues lacking the central aromatic residue exhibit
metal-dependent folding, and their CD spectra are similar to
that of the native peptide. Accordingly, a finger template that
requires a central aromatic residue (Frankel & Pabo, 1988)
is too restrictive, since native architecture is compatible with
nonaromatic substitutions. Nevertheless, “zinc fingers” remain
distinguishable from general metal-binding loops and as such
are likely to be governed by a specific set of “folding rules”.

To deduce these rules, we have examined the solution
structure and stability of a series of analogues. The successful
design of ZFY-6[Y10K; S12F] as a second-site revertant
suggests that alternative aromatic rings at positions { and i +
2 of a B-sheet can occupy similar spatial positions (Berg, 1988),
as illustrated in schematic form in panels B-D of Figure 1.
From the perspective of the aromatic ring, this model elegantly
viewed the remaining peptide as alternative ring substituents
in a (1,4) switch (Berg, 1988). The general features of this
model have been verified by 2D NMR studies of single Zn
fingers (Parraga et al., 1988, 1990; Lee et al., 1989): positions
10 and 12 (using the ZFY-6 numbering scheme; Figure 1A)
indeed form part of a $8-strand, and the central aromatic
residue (F12) packs against the conserved leucine and the
N-terminal histidine. However, it is possible that Y10 and
F12 may occupy different sites yet stabilize tertiary structure
via complementary but structurally inequivalent interactions.
Distinguishing between these possibilities will require com-
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parative structural characterization of a series of related
analogues by 2D NMR or X-ray crystallography.

CONCLUSIONS

The two-finger repeat observed in the ZFY-related gene
family provides a foundation for rational protein design.
Substitution of the conserved central aromatic residue by
nonaromatic amino acids destabilizes the Zn finger; stability
is restored in an aromatic swap revertant containing an aro-
matic residue at an alternative site. The present study thus
demonstrates that alternative aromatic positions 10 and 12
provide complementary interactions within the Cys-X,-Cys/
His-X,-His metal-binding motif. Additional architectural rules
may be explored by mutagenesis as a general model for
metal-dependent protein folding.
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