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ABSTRACT: Time-resolved frequency-domain fluorescence energy transfer measurements have been used
toinvestigate the solution structure of a single-domain CCHH-type zinc finger peptide. These measurements
reveal not only the range of accessible distances for a given donor-acceptor pair within the molecule but
also the degree of conformational flexibility that occurs in solution. Two donor—acceptor (D-A)-pair zinc
finger peptides have been synthesized. A single tryptophan residue located at the midpoint of the sequence
was the energy donor for two different acceptors. One acceptor, attached at the amino terminus was a
5-(dimethylamino)-1-naphthalenesulfonyl (DNS) group; the second acceptor was a 7-amino-4-methyl-
coumarin-3-acetyl (AMCA) group, attached to the e-amino function of a carboxy-terminal lysine residue.
Distance distributions and the mutual site-to-site diffusion coefficients were determined for these two
D-A-labeled peptides under zinc-bound, metal-free, and denatured conditions. The D—A distance distributions
determined for these two peptides under metal-free and zinc-bound conditions indicated a shorter distance
and a unique conformation (narrow distribution) when metal was bound and a longer distance with greater
conformational flexibility when metal ion was absent. No site-to-site diffusion was detected for the zinc-
bound peptide, whereas an appreciable amount of diffusion was measured for both metal-free and denatured
peptide. Anisotropy measurements on the peptides indicated increased flexibility of all regions of the
peptide chain in the absence of zinc and a more compact, less flexible structure when zinc was bound. It
was concluded from these results that the metal-bound conformation represents a unique, well-defined
structure. Comparison of distance distributions measured for metal-free and denatured peptide indicated
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that there is some residual structure present in the metal-free peptide.

The CCHH zinc finger motif (Miller et al., 1985; Brown
et al., 1985) is a small protein domain which folds into a
unique structural unit upon coordination of zinc ion via two
cysteine (C) and two histidine (H) residues.! Generally,
multiple copies of this motif are present in nucleic acid-binding
proteins, and these CCHH units site-specifically bind in the
major groove of DNA (Pavletich & Pabo, 1991). Since the
identification of this structural unit, hundreds of CCHH zinc
finger sequences and/or proteins have been identified (Berg,
1990). The CCHH muotif is frequently found in eukaryotic
transcription factors (Johnson & McKnight, 1989); thus, zinc
fingers are now classified as a major structural motif utilized
by DNA-binding proteins. Many reviews on zinc finger
proteins and their structures have appeared in the literature
(Klug & Rhodes, 1987; Evans & Hollenberg, 1988; Struhl,
1989; Berg, 1989; Berg, 1990; Rhodes & Klug, 1993).

The consensus sequence of most CCHH zinc fingers is
(Tyr,Phe)-Xaa-Cys-Xaa; 4-Cys-Xaaj-Phe-Xaas-Leu-Xaa,-
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His-Xaaj 4-His, where Xaa represents a variable amino acid
and the numerical subscript indicates the number of residues
(Berg, 1990). After identification of the zinc finger motif
and subsequent initial studies on single-domain zinc finger
peptides (Frankel et al., 1987; Pirraga et al., 1988), two
structural models were predicted for the CCHH zinc finger
{(Berg, 1988; Gibson et al., 1988). The basic features of these
models have since been confirmed with 2D NMR structures
(Lee et al., 1989; Klevit et al., 1990; Omichinski et al., 1990;
Kochoyan et al., 1991a,b,c) and an X-ray crystallographic
structure (Pavletich & Pabo, 1991). The major secondary
structural features of the CCHH zinc finger include a 8-sheet
in the amino-terminal half of the domain and a helical region
(primarily a-helix) in the carboxy-terminal half. Three
conserved hydrophobic residues form a pocket within the
structure, and the zinc atom is tetrahedrally coordinated to
the cysteine sulfhydryls and the histidine imidazole Neatoms.
Several groups have investigated single-domain zinc finger
peptides with various spectroscopic methods (Frankel et al.,
1987; Parragaetal., 1988; Leeet al., 1989; Klevit et al., 1990;
Neuhaus et al., 1990; Omichinski et al., 1990; Pirraga et al.,
1990; Weiss et al., 1990; Weiss & Keutmann, 1990; Kochoyan
etal,, 1991a,b,c; Leeetal., 1991; Krizek et al., 1991; Michael
et al., 1992). These studies have revealed that a single zinc
finger is able to fold into a unique structure in the presence
of metal ion. The metal-free zinc finger is thought to be
relatively free of secondary structure, i.e., in a random coil
conformation (Frankel et al., 1987; Pirraga et al., 1988; Lee
et al., 1991).

A limited number of fluorescence studies on zinc finger
proteins have been reported (Hanas et al., 1989; Han et al.,
1990). Both studies used steady-state fluorescence methods
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to examine fluorescently labeled Xenopus laevis TFIIIA
protein under various conditions. Time-resolved fluorescence
energy transfer measurements on a single-domain CCHH zinc
finger have only recently appeared (Eis & Lakowicz, 1992;
Eisetal., 1992). While fluorescence methods cannot be used
to determine precise interatomic distances as can crystallo-
graphic or NMR methods, they are unique in that they can
be used to reveal conformational distributions and internal
site-to-site diffusion, as well as hydrodynamics and molecular
interactions. Thus, inthis report, time-resolved energy transfer
measurements were used to determine the intramolecular
distances and the degree of conformational flexibility in a
CCHH zinc finger peptide under zinc-bound, metal-free, and
denatured conditions via two different D~A pairs. Theresults
of these measurements indicate that the CCHH zinc finger
forms a unique and conformationally inflexible structure in
the presence of zinc and that there is some residual structure
in the metal-free peptide.

THEORY

Fluorescence Resonance Energy Transfer. The usefulness
of fluorescence resonance energy transfer in determining the
distances between two sites in a molecule in solution was
recognized by Stryer (1978). The theory for radiationless
energy transfer from a donor to an acceptor chromophore was
first developed by Forster (1948). Transfer of energy is due
tothe long-range dipole—dipole interactions between the donor
and acceptor; thus energy transfer is a through-space inter-
action.

Therate of radiationless energy transfer (k1) between donor
and acceptor molecules is given by

_1 59)6
kT— ) r (1)

where 7p is the donor-only lifetime, Ry is the Forster distance
where 50% energy transfer occurs, and 7 is the distance between
the donor and acceptor chromophores. The distance r is
determined by measuring the transfer efficiency (£) and the
Forster distance (Rp) for a particular D-A pair. The Rovalue
is calculated from the spectral properties of the donor and
acceptor chromophores as follows:

2
= m‘r’pb()\)%(x)ﬁd)\ 2)

where «2? is the orientation factor between the donor and
acceptor dipole moments, ¢po is the quantum yield of the
donor in the absence of acceptor, 7 is the refractive index of
the solution, NV is Avogadro’s number, Fp(\) are the donor
emission spectra with the area normalized to 1, eo(A) are the
acceptor absorption spectra, and A is the wavelength. The
efficiency of energy transfer can be calculated from the steady-
state intensities of the donor alone (Ip) and D-A pair (Ipa)
molecules:

E=1- foa 3)

I

The experimentally measured values of E and Ry are used to
calculate the distance r from

6
Ro6 + 78

This expression is valid for a single donor and acceptor
separated by a single distance.
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Distance Distributions and Dynamics. Many biological
molecules are expected to be conformationally flexible in
solution, in which case the distance 7 in eq 4 represents only
the average D-A distance. Therefore, the ability to measure
a range of D-A distances and the extent of flexibility within
the molecule enables one to examine not only the molecule’s
structure but also the internal dynamics. Distance distribu-
tions between donor and acceptor sites within a molecule can
be measured with steady-state methods using multiple D-A
pairs located at specific donor and acceptor sites (Wiczk et
al., 1990; Wiczk et al., 1991) or more simply by generating
multiple Ry values with the use of an external quencher
(Gryczynski et al., 1988a,b).

Thedistance distributions and dynamics reported here were
determined using the time-resolved fluorescence measurements
of the donor decay in donor only and D-A molecules (Haas
et al.,, 1978b; Haas & Steinberg, 1984; Haas et al., 1988;
Lakowicz et al. 1990b; Lakowicz et al., 1991b,c,d). The
tryptophan donor used in both zinc finger peptides (DNS-
ZF3 and AMCA-ZF,) exhibits complex intensity decays in
both the donor alone and D-A pair molecules, thus the donor
lifetimes were recovered using a multiexponential description
of the decay as follows:

I = ImZam exp(~t/p,) (5)

where Ipg is the total donor intensity at ¢t = 0, ap; are the
preexponential factors representing the relative fractional
intensities of the donor decay at t = 0,and p;are the individual
components of the donor decay. It is assumed that the Ry
values are the same for each component in the intensity decay
and that the transfer rates are inversely proportional to the
decay time. Thus, eq 1 can be rewritten as follows:

kyi= L(&)6 (6)

Tpi ~ I

where the subscript / represents each individual component
of the decay.

The observed donor decay in the presence of acceptor, which
contains contributions from all components with all allowable
distances, will be multiexponential since particular molecular
conformations cannot be uniquely examined in solution. The
multiexponential donor decay in the presence of acceptor can
then be defined in terms of the average of the individual decays,
N*(r,t), which are weighted by their fractional intensity (ap;)
and by the distance probability distribution, P(r), and the
D-A pairs:

Ioal®) = Ioa)_enif,P(Y Ny dr  (7)

It should be noted for eq 7 that the initial (+ = 0) donor
intensity in the presence of acceptor is equivalent to the initial
donor only intensity (Ipag = Ipo). The individual decays of
the ith component, N*(r,7), are defined as follows:

NX*(r) = N*(r,1) [ Ng*(r) ®)

where Ny*(r,t) represents the actual distribution of excited
molecules over the distance r and N*(r) is the initial
distribution of excited molecules. The shape of the initial
distribution is assumed to be the same for all donor fractions,
i.e., Np*(r) = N*P(r) where N2* is the total initial number
of molecules of the ith component and P(r) is the probability
density function describing the distribution of D—A distances.
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The distribution, P(r), is assumed to be Gaussian and is
defined as follows:

(r—Ry)’

1
P(r)= 7 exp( 0

0 elsewhere )

where Z is the normalization factor, R,y is the average distance
{most probable distance), and ¢ is the standard deviation of
the untruncated Gaussian function. The half-width of the
distribution (Aw, full width at half-maximum probability) is
arelative measure of the conformational flexibility that exists
between the donor and acceptor. In the Gaussian model, Aw
= 2.3550.

We note that one could have selected functions other than
a Gaussian to describe the D-A distance distribution.
However, a Gaussian appears to be the most realistic
assumption. A Lorentzian distribution is not reasonable
because this function has significant probability far from the
mean value. Since the donor and acceptor must be within
some bounds, the use of a Lorentzian results in an artificially
narrow half-width resulting from the need to suppress the
extremes to fit the data. Square or triangular distributions
could be used but are not expected for long polymers with
many degrees of freedom. Statistical mechanical simulations
have suggested Gaussian-like distributions for long polymers
(Flory, 1969). While we have not conducted an exhaustive
analysis, the present data were judged to be inadequate to
resolve a skewed Gaussian function. In past studies, such
resolution was found to require a number of D-A pairs with
different Ry values (Wiczk et al., 1991).

When there is nosite-to-site diffusion (D) between the donor
and acceptor, the decay N;*(r,t) from eq 8 can be defined in
terms of the distance-dependent donor decay times (rp;) as
follows:

max

) forry, <r<r

NX(rp) = exp[———— ——)6] (10)

The distance distribution recovered for a given D~A pair may
sometimes be inaccurate due to mutual site-to-site diffusion
between the donor and acceptor during the excited-state
lifetime of the donor. Since the distributions reported below
were determined in solution at room temperature, it is expected
that D-A diffusion will occur. Haas and co-workers (Haas
et al., 1978b; Beechem & Haas, 1989) have addressed this
problem and have shown that in the presence of energy transfer
and site-to-site diffusion, the function N;*(r,t) satisfies the
diffusion equation with the addition of a sink term that takes
into account the processes of donor decay and energy transfer.
In our case we assume that each component of the donor
decay (rp;) is governed by the Haas equation and is given by

ANX(r,t) 1 ( ) ] .
—5 =" Tm NX(rp) +
1

*( 1)
Nyp*(r)or ] an

A more detailed description of this theory is reported else-
where (Lakowicz et al., 1990b; Lakowicz et al., 1991b,¢,d).

It seems valuable to summarize the assumptions used in the
distance distribution analysis. We assumethat: (a)radiative
energy transfer to the acceptor is the only effect of the acceptor
on the donor decay; (b) the orientation factor «2 is assumed
to equal 2/ for all conformational states; (c) the values of Rg
are the same for all components in the donor intensity decay;
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(d) the transfer rates are inversely proportional to the decay
times; and (e) the distance distribution at ¢ = 0 is assumed
to be adequately described by a Gaussian.

Frequency-Domain Expressions. In frequency-domain
fluorometry the fluorophore is excited with sinusoidally
modulated light (Lakowicz, 1983), The sinusoidal emission
resulting from such excitation is phase-shifted and demod-
ulated, thus the measured parameters of this method are the
phase angle ¢ and the modulation m at various frequencies
w. For each assumed intensity decay model, the parameter
values are obtained by comparing the experimental phase (¢.)
and modulation (m,) values with the calculated values (¢es,
me,). At each frequency the calculated values are obtained
from

¢, = arctan[N_/D, ] (12)
=[N2+D1"? (13)
where
fo“’l(z) sin(wr)dt
Ny= o (14)
fo 1(H)dr
f:[(t) cos(wt)dt
D,=——0— (15)
fo 1()dt

The parameter values of a given model are determined using
the experimental and calculated phase and modulation values
with the method of nonlinear least-squares (Bevington, 1969;
Johnson & Frasier, 1985; Johnson & Faunt, 1992) as follows:

wo () e () o

14

where xg? is the goodness-of-fit parameter that is minimized
during the fitting procedure, v is the number of degrees of
freedom, and 6¢ and ém are the experimental uncertainties
in the measured phase and modulation values. The experi-
mental uncertainties generally used are 6¢ = 0.2° and 6y, =
0.005.

Time-Resolved Anisotropy Decays. Anisotropy measure-
ments of molecules in solution can yield essentially two types
of information (Steiner, 1991). Ifthe molecule and its attached
fluorophore rotate as a unit in solution, then information can
be obtained abouts its size and shape. Internal rotational
motions of the probe can provide information about the
flexibility within the molecule. Anisotropy decays [(¢)] can
be described as a sum of exponentials (Lakowicz, 1983) as
follows:

rt) = rOZg,. exp(~t/6,) 17

i
where rog; are the amplitudes associated with each component
of the decay and 6, are the rotational correlation times.
Generally, one observes two correlation times: the longer
component is associated with the global overall motion of the
molecule, and the shorter component is representative of the
probe’s local motions.

Anisotropy decays are determined by measuring the parallel
() and perpendicular (L) components of the emission. In
frequency-domain measurements the anisotropy decay is
recovered from the phase angle difference (A,) and/or the
ratio of the modulated amplitudes (A,) between the parallel
and perpendicular components of the emission

A, = ¢, - ¢ (18)
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Aw=m“/m_L (19)

Calculated values (c) of A, and A, are obtained using
A ¢ (M) (20)

= arctan
N2+ D2 \\2
ro-(25220) a
N, “+D,

where Dy and D, and Njand N are determined from eq 14
and 15 (Dy =D, - D,; Ny= N_ = N,). The goodness-of-fit
to the anisotropy decay model is estimated using the method

of nonlinear least-squares (Bevington, 1969; Johnson &
Frasier, 1985; Johnson & Faunt, 1992) as follows:

1 (Aw_Acw)z 1 (Am—Aw)2
2=- + - 22
xR v; dA V; dA (22)

which is analogous to eq 16. The experimental uncertainties
in the measured values are 6A = 0.2° and A = 0.008.

MATERIALS AND METHODS

The 28- (ZF23) and 29- (ZFy) residue CCHH zinc finger
peptides were synthesized on a Milligen 9050 Pepsynthesizer
using Fmoc (/V-fluorenylmethoxycarbonyl) chemistry. Cleav-
age of ZF,5 from the resin was performed using a mixture of
trifluoroacetic acid (TFA), thioanisole, ethanedithiol, and
anisole (90:5:3:2) and a cleavage time of 4 h (Milligen/
Biosearch Chemistry Update, December 1989). The cleaved
peptide solution was filtered through a medium-porosity funnel
and reduced in volume with N3, and the peptide precipitated
overnight with cold diethyl ether. Precipitated peptide was
washed with cold diethyl ether, and residual ether was removed
with N,. Disulfide bonds were reduced by dissolving the
peptide in 0.05 M N-ethylmorpholine, pH 8.4, adding solid
dithiothreitol (DTT) to give a final concentration of 0.05 M,
and heating the solution in a 55 °C-water bath for 4 h. The
reduced peptide solution was acidified with aceticacid, filtered,
and then purified by HPLC on a Vydac C4 (Hesparia, CA)
column (1 X 25 cm) using gradient elution and 0.1% TFA in
water and 0.1% TFA in acetonitrile as eluents.

The amino terminus of ZF39 was acetylated while the peptide
was still attached to the resin. Thus, after cleavage and
deprotection of the side chain blocking groups there remains
a single lysine residue which can be selectively modified at its
side chain e-amino group. Since ZFy contains an extra
arginine residue on the amino terminus, it was cleaved with
an alternative method (Milligen Technical Support) which
more easily removes arginine side chain protection groups.
The cleavage reagent was TFA, thioanisole, ethanedithiol,
and anisole (90:5:3:2) plus 3% methanesulfonic acid, and the
cleavage reaction time was ~20 min. All other details of the
cleavage procedure are the same as above. Cleaved ZF,9 was
dissolved in a minimal amount of water, and NH,OH was
added until the solution was pH 10-11; this procedure
exchanges the methanesuifonic acid ion. The solution was
then diluted with 0.05 M N-ethylmorpholine to give a final
concentration of 3-5 mg/mL, and this solution was treated
with DTT as described above.

Labeling of the ZF,s peptide’s amino terminus with DNS-
Cl was accomplished by dissolving the peptide in 0.1 M
NaHCOs;, pH 8.5 (3-5 mg/mL), and adding a 2-fold molar
excess of DNS-CI, which was dissolved in 2 minimal amount
of acetone, in four aliquots over a period of 40 min. The
labeling reaction was performed at room temperature and
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was allowed to proceed 30 min past the last addition of DNS-
Cl. The LYS;y e-amino group of acetylated ZF, was labeled
with 7-amino-4-methylcoumarin-3-acetic acid succinimidyl
ester (AMCA) (Molecular Probes, Eugene, OR) at room
temperature. The peptide was dissolved in 0.2 M NaHCO;
pH 8 (3-5 mg/mL). The AMCA label was dissolved in a
minimal amount of dimethylformamide, and a 10-fold molar
excess of this solution was added to the peptide solution over
a period of 1 h in four aliquots. The reaction was continued
for 30 min after the last aliquot of dye was added. After
being labeled with DNS-Cl or AMCA, peptide—dye solutions
were filtered and diluted 3X with 0.05 M N-ethylmorpholine,
and solid DTT was added to give a final concentration of 25
mM. Solutions were heated for 1 h at 55 °C, acidified with
acetic acid, and then purified by HPLC as described above.

Amino acid analysis was performed on the unlabeled
peptides to confirm the sequence. Analytical HPLC was
performed on unlabeled and acceptor-labeled peptides to
confirm their purity; a Vydac Cys column (Hesparia, CA)
was employed along with gradient elution using 0.1% TFA in
water and 0.1% TFA in water and 0.1% TFA in acetonitrile.
Mass spectrometry was performed to confirm the peptide
sequences, the presence of the amino-terminal acetyl group
in ZF3, and the acceptor in each peptide.

All absorption measurements were performed on a Perkin-
Elmer Lambda 6 UV /vis spectrophotometer. Measurements
were performed with a 1-nm slit width and a scan speed of
200 nm/min. Circular dichroism measurements were per-
formed on an Aviv CD 60 spectropolarimeter in the laboratory
of Professor David Shortle at the Johns Hopkins University.
Measurements were performed at room temperatureina 0.2-
mm-pathlength cuvette on ZF,3. Peptides were dissolved in
50 mM HEPES, 50 mM NaCl, 10 mM DTT, pH 7 buffer
at a concentration of 50-70 uM; the zinc sample contained
a 4-fold molar excess of Zn?* and the guanidine hydrochloride
(GuHCl) sample contained ~4 M GuHCI. Each sample’s
spectrum is an average of 4 scans at 1-nm resolution, 5 s/nm
acquisitiontime. Steady-state emission spectra were measured
on a SLM 8000 fluorometer with excitation at 295 nm and
magic angle polarization.

The Ry values for DNS-ZF,3 and AMCA-ZF,9 peptides
were calculated using eq 2. Quantum yields of the tryptophan
donor were determined relative to the value of tryptophan in
water (¢p = 0.13) (Chen, 1967). Tryptophandonor quantum
yields for both ZFys and ZF,9 peptides are 0.08 for zinc-
bound, 0.11 for metal-free, and 0.14 for peptide plus S M
GuHCI. Tryptophandonorsteady-state emission spectra were
measured using ZF»s and ZF,9. Acceptor absorption spectra
used to calculate the Ry values were the difference spectra of
D-A-labeled peptide minus the donor-only peptide. The Rg
values for DNS-ZF,3 are 18.6 A for zinc-bound, 19.5 A for
metal-free, and 19.9 A for GuHCl treated. The Ry values for
AMCA-ZF, are 24.1 A for zinc-bound, 25.2 A for metal-
free, and 25.8 A for GuHCl treated.

Time-resolved frequency-domain measurements were per-
formed on a 10-GHz frequency-domain fluorometer (Laczko
et al., 1990). Modulated excitation was achieved using the
harmonic content of a picosecond dye laser (Coherent Model
700) that was cavity dumped at 3.79 MHz. The dyelaser was
pumped with a mode-locked argon-ion laser (Coherent Innova
15, Model 468 mode locker). Ultraviolet excitation of
tryptophan (295 nm) was achieved using the frequency-
doubled (Spectra Physics Model 390 doubler) output of the
dye laser operating with Rhodamine 6G (Exciton, Dayton,
OH). Thefrequency-doubled output of the dye laser operating
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A

PYECPECGRSFSQWSDLTRHQRTHTGEK-COO~
ons

B.
Ac—RPYECPECGRSFSQWSDLTRHQRTHTG EK-COO-

AMCA

FIGURE 1: Primarysequences and labelingsites of zinc finger peptides.
The donor fluorophore for both ZF, and ZFyyis a tryptophan residue
(W) located at the midpoint of the sequence. Zinc-coordinating
cysteine (C) and histidine (H) residues are underlined. Panel A:
primary sequence of ZF,;, DNS acceptor is attached to the amino
terminus. Panel B: primary sequence of ZF,5, AMCA acceptor is
attached to the carboxy-terminal lysine’s e-amino group. Panel C:
schematic representation of the metal-bound zinc finger structure,
relative positions of donor and acceptor labels are indicated.

with Pyridine 1 (Exciton) was used to excite the DNA (345
nm) or AMCA acceptor (360 nm). The detector was a
Hamamatsu Model R2566 MCP PMT. Zinc finger peptide
tryptophan emission was isolated using a 360-nm interference
filter for DNS-ZF,; or a 340-nm filter for AMCA-ZFs;s.
Acceptor emission was isolated using a Corning 3-71 longpass
filtér for DNS and a 460-nm interference filter for AMCA.
The phase and modulation measurements were obtained
relative to a scattering solution of Ludox (DuPont) in water.
Distance distribution analyses for zinc-bound DNS-ZF,; were
performed with the fraction-labeling parameter set to 0.977
to compensate for background fluorescence in the sample
(Lakowicz et al., 1991a). In this procedure the extent of
labeling (f) is varied to yield the minimum value of xg?2 in
adistance-distribution analysis. Thevalue of f; is held constant
in all subsequent analyses. Experience with this procedure
has shown it to reliably report the extent of labeling.

RESULTS

Design and Synthesis of Donor-Only and D—A Zinc Finger
Peptides. Two single-domain zinc finger peptides, ZF,3 and
ZFy (Figure 1), were designed on the basis of the consensus
zinc finger peptide work of Berg and co-workers (Krizek et
al.,, 1991). Their peptide sequence contains the most frequently
occurring amino acid residue in each position of a single zinc
finger domain based on the catalogued sequences of 131 zinc
finger proteins. Since this consensus peptide was shown to
exhibit the metal binding properties and structural behavior
of native sequence single-domain zinc fingers (Krizek et al.,
1991), this design method was employed to yield zinc finger
sequences that contain a single energy transfer donor and
that could be selectively modified with various energy transfer
acceptors in different positions.

A single tryptophan residue, which serves as the energy
transfer donor to both the DNS and AMCA acceptors, was
placed at a site (position 14) where tryptophan occurs with
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some regularity in native zinc finger sequences. The peptide
sequences of ZF3 and ZF,9 (Figures 1 A and 1B, respectively)
arevery similar to Berg’s consensus peptide sequence; however,
arginine residues were conservatively substituted for the
multiple lysines within the sequence except for the carboxy-
terminal lysine. Thus, the amino terminus and the e-amino
group of LYS,y both serve as potential sites for acceptor
attachment. Selective labeling of ZF,s’s amino terminus with
a DNS group was accomplished by taking advantage of the
pK., difference between the terminal a-amino group and the
e-amino group of LYS,s (Figure 1A). A second D-A pair
was made by attaching an AMCA group to the single LYS,y’s
e-amino group in amino-terminally acetylated ZFys. The
location and structure of the donor and each acceptor is
depicted in the schematic representation of the folded metal-
bound zinc finger peptide shown in Figure 1C.

Cobalt absorption spectroscopy was used to ensure that the
synthetic peptide ZF,5 and ZF 55 bound metal ion in the same
manner as native-sequence zinc fingers (Bertini & Luchinat,
1984; Frankel et al., 1987; Krizek et al., 1991). It is known
that the cobalt absorption spectrum is dependent on the types
of coordinating atoms and the geometry of the coordination
site (Bertini & Luchinat, 1984). The difference absorption
spectra, cobalt-bound ZF,3 or ZF»9 minus zinc-bound peptide
(data not shown), were nearly identical to the cobalt absorption
spectrum obtained for other zinc finger peptides (Frankel et
al., 1987; Berg & Merkle, 1989; Parraga et al., 1990; Krizek
etal., 1991). Cysteinate ligand absorption maxima near 310
and 340 nm were obtained as well as the d—d transition
absorption bands between 500and 700 nm. Cobaltabsorption
spectroscopy was also used to insure that the metal-binding
properties of the zinc finger peptides were not altered after
labeling with acceptor. The difference in the absorption
spectra obtained for the acceptor-labeled peptide also showed
the characteristic absorption bands for a CCHH-type zinc
finger peptide.

Circular dichroism (CD) measurements were performed
on ZF,g (data not shown) to monitor the secondary structural
changes under various conditions. The peptide was measured
with and without zinc ion and with GuHCI. The zinc-bound
spectrum is similar to that previously obtained for a native-
sequence zinc finger peptide (Frankel etal., 1987). Noobvious
secondary structure was present in the spectra, such as the
double minima observed between 200 and 230 nm for the
a-helix; however, the zinc-bound peptide’s spectrum does
indicate a greater amount of secondary structure than that
seen for either metal-free or denatured peptide. On the basis
of the cobalt absorption spectroscopy and the CD measure-
ments, it was concluded that these consensus zinc finger
peptides tetrahedrally coordinated metal ions like the native-
sequence single-domain zinc finger peptides.

Emission Spectra and Donor Decays of Donor-Only and
D-A Peptides. Steady-state fluorescence emission spectra
were measured for both donor-only and D-A peptides under
zinc-bound, metal-free,and GuHCl-treated conditions. Figure
2 shows the spectra obtained for ZF3 and DNS-ZF,s. The
tryptophan donor fluorescence in zinc-bound DNS-ZFy; is
quenched to a significantly greater degree (Figure 2A) than
for the metal-free (Figure 2B) or GuHCl-treated (Figure 2C)
peptide. This high degree of donor quenching by the DNS
acceptor indicates that TRP;4 and the amino-terminal DNS
group are nearest each other for the metal-bound case. Also,
the difference in degree of donor quenching for the metal-free
and GuHCI-treated peptide suggests that there are structural
differences between these two cases.
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FIGURE 2: Steady-state emission spectra of ZFy (donor alone) and
DNS-ZFy (donor-acceptor-labeled). Panel A: zinc-bound peptide.
Panel B: metal-free peptide Panel C: peptide plus 5 M GuHCL

Steady-state spectra for ZF and AMCA-ZF, are shown
in Figure 3 for the zinc-bound (Panel A), metal-free (Panel
B), and GuHCl-treated (Panel C) peptides. Only the
tryptophan emission is shown for the donor and D-A peptides
since the acceptor emission has a very high quantum yield
relative to the tryptophan. A full D-A spectrum is shown in
theinset in Figure 2A. The differences in transfer efficiencies
observed for AMCA-ZF are less obvious than those seen for
DNS-ZFs. The greatest degree of energy transfer for this
D-A pair occurs for the metal-free peptide, which implies
that unwinding of the a-helical portion of the peptide provides
flexibility in the peptide chain and enables the donor and
acceptor to come closer together.

Donor-only and D-A-pair tryptophan lifetimes were cal-
culated from the measured time-resolved frequency responses
for zinc-bound, metal-free, and GuHCl-treated ZF»; and
DNS-ZF; peptides (Figure 4). These were the same
conditions used for the steady-state measurements. In each
case the donor-only peptide’s frequency response, which
includes measurement of the phase angle and the modulation,
is on the left. When the tryptophan lifetime is quenched by
the presence of the DNS acceptor, the frequency response
curves shift to higher frequencies. Asseen inthe steady-state
spectra (Figure 2), the binding of Zn2* results in the highest
degree of donor quenching, which is evident from the dramatic
shift in the frequency response out to 4 GHz. Comparison
of the metal-free and GuHCl donor-alone and D-A frequency-
domain measurements also indicates that a different confor-
mation is present in each of these cases (Figure 4).

Both donor-alone (ZFy5) and D-A data (DNS-ZF3s) were
fit with a three-component multiexponential intensity decay
model; their lifetimes are reported in Table I. Observed
differences in the donor-only decays (Table I) are indicative
of structural differences between metal-bound and metal-
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FIGURE 3: Steady-state emission spectra of ZF, (donor alone) and
AMCA-ZFy (donor-acceptor-labeled). Due to the high quantum
yield of AMCA, only the donor portions of the spectra are shown.
The inset in panel A shows the full D~A spectrum scaled at 1000 and
10 000to show the relative proportion of AMCA-to-TRP fluorescence.
Panel A: zinc-bound peptide. Panel B: metal-free peptide. Panel
C: peptide plus 5 M GuHCL.

free peptide. Binding of zinc shortens the average tryptophan
lifetime (1.90 ns), whereas the average lifetime is nearly the
same for the metal-free (2.47 ns) and GuHCl-treated (2.35
ns) peptides. Given what is known about the zinc finger
structure (Lee et al., 1989; Klevit et al., 1990; Omichinski et
al., 1990; Kochoyanetal., 1991a,b,c; Pavletich & Pabo, 1991),
it is possible that the binding of metal ion results in a more
solvent-exposed tryptophan residue which can then be more
easily quenched by external quenchers. The average tryp-
tophan lifetimes obtained for DNA-ZF,s (Table I) are, as
expected, shorter than the donor-only lifetimes and indicate
that the tryptophan donor is quenched by the presence of
DNS acceptor.

Figure 5 shows the frequency response data used to
determine the tryptophan lifetimes for ZF,y and AMCA-
ZF,9. Differences between zinc-bound AMCA-ZF; (Panel
A) and metal-free AMCA-ZF,5 (Panel B) frequency response
curves are not as obvious as those seen for DNS-ZF; (Figure
4). Lifetime data for ZF,9 and AMCA-ZF, are reported in
Table II. As seen for ZF,3, the average lifetime of zinc-
bound ZFy is shorter than the metal-free and GuHCl-treated
peptide lifetimes. It should be noted that donor-only lifetime
data for the GuHCI case were virtually identical for both
ZF,3 and ZFjg; therefore, these data files were globally
analyzed to generate the donor-alone GuHCl decay parameters
given in Tables I and I1. Although the steady-state emission
spectra (Figure 3) for ZFy and AMCA-ZFy clearly show
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FIGURE 4: Multiexponential lifetime fits to the donor frequency
response data for ZFa and DNS-ZFs. In each case, donor-alone
peptide data are the open circles (O) and D-A peptide data are the
filled circles (@). Panel A: zinc-bound peptide. Panel B: metal-
free peptide. Panel C: peptide plus 5 M GuHCI. Donor lifetime
parameters are reported in Table I.

Table I: Donor Multiexponential Intensity Decay Analysis of ZF2s
and DNS-ZF

sample? {(r) (ns)® 7i(ns) e«  fF  xa?

ZFy3 + Zn?* 1.90 0.214 0.361 0.067 199
1.31 0.504 0.569
312 0.135 0.363

ZF13 + no metal 247 0.040 0.662 0.035 4.84
1.60 0.260 0.558
390 0.078 0.407

ZFy + 5 M GuHCl4 2.35 0.315 0.265 0.049 2.11
1.58  0.427 0.368
3.07 0308 0.555

DNS-ZFy + Zn?* 0.58 0.048 0.774 0332 137
0.203 0.206 0.374
1.67 0.020 0.294
DNS-ZF3; + no metal 1.28 0.002 0.945 0.033 4.61
0.403 0.026 0.183
1.54 0.029 0.785
DNS-ZF2 + 5 M GuHC! 1.59 0.242 0410 0095 088
145 0532 0.738
298 0.058 0.167

a All samples were measured in 50 mM HEPES, 50 mM NaCl, 10
mM DTT pH 7 buffer at room temperature. The no metal and GuHCl
samples also contained 1 mM EDTA. # Average lifetime, () = Lia;7/
T.ay7;. © Fractional intensity of each decay component, f; = ayri/ iy
4 These parameter values are the result of a global analysis of ZF»s and
ZF»9 measurements.

the greatest amount of transfer occurring for metal-free
peptide, comparison of the donor-alone and D-A-pair fre-
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FIGURE 5: Multiexponential lifetime fits to the donor frequency
response data for ZF,g and AMCA-ZF3. In each case, donor-alone
peptide data are the open circles (O) and D-A peptide data are the
filled circles (®). Panel A: zinc-bound peptide. Panel B: metal-
free peptide. Panel C: peptide plus 5 M GnHCl. Donor lifetime
parameters are reported in Table II.

quency response curves indicates that the transfer rates for
zinc-bound peptide (Figure 5A) and metal-free peptide (Figure
5B) are approximately the same.

Anisotropy Measurements. Frequency-domain anisotropy
measurements of tryptophan were performed on both ZFag
and ZF donor peptides in the absence and presence of zinc.
The ZF,3 data are shown in Figure 6 (ZF,9 data were nearly
identical and are not shown), and the anisotropy values for
both ZF,3 and ZFyg are reported in Table III. Both the
differential phase angles (Figure 6A) and the modulated
anisotropy data (Figure 6B) are distinct for the metal-free
and metal-bound conditions; similar results were observed for
ZF .

Tryptophan anisotropy data for both ZF»3 and ZF» under
metal-free and zinc-bound conditions yield two rotational
correlation times (8) (Table IIT). The longer component (~2
ns) is associated with the global motion of the zinc finger
molecule, and the shorter subnanosecond component is
representative of the local motions of tryptophan. The presence
of increased internal flexibility in the zinc-free peptide can be
seen in Figure 6 by the larger differential phase angles at
higher frequencies and the lower modulated anisotropies at
all frequencies. For both zinc-bound donors ZF» and ZF,
the amplitude (rqg;) of the longer component is 4-5-fold larger
than the amplitude of the shorter component, which is
consistent with the assumption that the metal-bound structure
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Table II: Donor Multiexponential Intensity Decay Analysis of ZFa
and AMCA-ZFzg

Table III: Tryptophan Anisotropy Decays for ZF,s and ZF3¢ and
Acceptor Anisotropy Decays for DNS-ZF and AMCA-ZFy

sample? () (@s)> 7(ns) o fF xx? sample 0; (ns)* rogf XR?
ZF + Zn?t 1.72 0.220 0.399 0.083 0.51 Tryptophan Donor Anisotropy
1.38  0.536 0.703 ZFy5b + Zn2t 1.91 0.173 0.49
344 0.065 0.214 0.227 0.035
ZF39 + no metal 2.00 0.108 0.282 0.026 2.44 ZF33 + no metal 2.09 0.095 0.42
1.02 0.474 0.405 0.463 0.101
278  0.244 0.570 ZFb + Zn?* 1.64 0.174 0.45
ZF39 + 5 M GuHCH 2.35 0.315 0.265 0.049 2.11 0.049 0.046
1.58 0.427 0.396 ZF7 + no metal 1.99 0.107 0.19
3.07 0.308 0.555 0.205 0.106
AMCA-ZFy + Zn?* 0.74 0.138 0.549 0.182 2.36 Acceptor Anisotropy
0.642 0.401 0.621 DNS-ZFy¢ + Zn2* 2.48 0.176 3.60
1.63 0.050 0.196 0.295 0.165
AMCA-ZF39 + no metal 095 0.125 0.550 0.147 1.36 DNS-ZF + no metal? 1.05 0.119 041
0.697 0.379 0.566 0.389 0.093
1.86 0.071 0.285 AMCA-ZFss* + Zn?* 1.48 0.071 4.86
AMCA-ZF + 5 M GuHCl 1.31 0.036 0.602 0.046 2.46 0.288 0.218
0.609 0.204 0.265 AMCA-ZF» + no metal 1.11 0.087 443
1.67 0.194 0.689 0.285 0.203

2 All samples were measured in 50 mM HEPES, 50 mM NaCl, 10
mM DTT pH 7 buffer at room temperature. The no metal and GuHCl
samples also contained 1 mM EDTA. ® Average lifetime, (1) = Lior2/
Loy7;. ¢ Fractional intensity of each decay component, f; = a;7;/ iy,
4 These parameter values are the result of a global analysis of ZFy3 and
ZF1 measurements.
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FIGURE 6: Donor anisotropy data for ZF,;. Panel A shows the
differential phase data. Panel B shows the modulated anisotropy
data. In each panel, zinc-bound peptide data are the filled circles
(@) and solid lines and metal-free data are the open circles (O) and
dashed lines. Anisotropy parameter values are reported in Table III.

is compact and globular in nature. In the metal-free donors,
the amplitudes of both components are nearly equal. These
results are consistent with a less compact and relatively
unfolded peptide structure.

Frequency-domain anisotropy measurements of the accep-
tors in DNS-ZF;5 and AMCA-ZF5 were also performed in
the absence and presence of zinc (data not shown). The
anisotropy results for both acceptors are reported in Table
III. The 2.48-ns DNS correlation time that is present under
zinc-bound conditions is similar to the ~2-ns components
observed for the tryptophan donors (Table III). The fact that
it is slightly longer cound be partially explained by molecular

4 §; are the rotational correlation times, and rog; are the amplitudes
of each component. ® Excitation at 295 nm. ¢ Excitation at 345 nm.
4 Analysis performed with phase angle data only. ¢ Excitation at 360 nm.

weight differences between the donor alone and D-A mol-
ecules. Also, the longer lifetime of the DNS acceptor could
be expected to result in longer apparent correlation times.
Since the DNS acceptor is located at the end of the peptide
chain, the shortening of its long component (2.4-fold decrease)
under metal-free conditions is perhaps due to the increased
flexibility in the N-terminal portion of the peptide chain under
these conditions. Shortening of the long component does not
occur for the tryptophan probably because it is located at the
less flexible midpoint of the peptide chain (Hu et al., 1990).

The anisotropy results obtained for the AMCA acceptor in
zinc-bound and metal-free peptide are very similar. In each
case there is a long and short component, and the amplitude
associated with the short component is 2-3-fold greater than
that of the long component (Table III). Since the AMCA
acceptor is attached to the four-carbon methylene side chain
of LYS,y, the subnanosecond component is expected to be the
more dominant species due to the large degree of flexibility
at this site. The long anisotropy component of AMCA is
slightly shorter for the metal-free peptide (1.11 ns) than for
the zinc-bound peptide (1.48 ns). This shortened long
component is perhaps a result of the increased flexibility in
the peptide chain that exists when the a-helix is unwound
under metal-free conditions.

Energy-Transfer Distance Distributions. Frequency-do-
main phase and modulation data measured for DNS-ZF,3
(Figure 4) and AMCA-ZFy (Figure 5) were used to calculate
the D-A distance distributions. Since the peptides were
measured at room temperature in buffer, a distance distribution
model that includes the effects of mutual site-to-site donor—
acceptor diffusion was also applied to the data. The two- (R,y
and hw) and three- (Ray, hw, and D) parameter distance-
distribution analyses for DNS-ZF,3 and AMCA-ZF; are
reported in Tables IV and V, respectively. The data were fit
with all three parameters (R,y, #w, and D) floated, except for
the GuHCl case. A three-parameter fit to the GuHCI data
was unstable; however, a good fit and reasonable result was
obtained when Aw was fixed at 30.0 A.

For zinc-bound DNS-ZFys; the best fit to the data yields
a3.0-A hw, which indicates that the molecule exists primarily
in a single conformation. Fixing the Aw parameter at 30.0 A
yields a fit whose normalized xr2value (xr2n) is 3-fold greater
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Table IV: Distance Distribution Parameters for DNS-ZF2

sample R (A) hw (A) D(A%ns)?  xgp,2?
Zn*t 11.2¢4 2.96 1.00
(11.1-11.3)¢  (2.72-3.34)
11.2 2.82 0.001 1.04
(11.2-11.3)  (275-3.00)  (10°-0.2)
11.2 2.94 0.2y 1.03
4.1 (30.0) 1000 3.11
no metal 19.4¢ 7.71 2.02
(19.2-19.5) (7.08-8.38)
20.1 14.5 12.3 1.00
(19.8-20.3) (12.5-16.3) (8.1-17.8)
19.2 (3.0) 105 7.90
20.5 (30.0) 56.2 1.39
5MGuHCI 22.2¢ 8.49 2.48
(22.1-22.3) (7.65-9.34)
24.12 (30.0) 36.3 [54]* 1.00
(23.5-24.7) (33.140.7)
24.5 (3.0) 107 120
224 (30.0) (25.7) 1.63

@1 A?/ns =1 X 107 cm?/s. ¥ xg,2 is the normalized xg? value. ¢ This
analysis was performed without considering D-to-A diffusion. 4 Acceptor
fraction labeling fixed at 0.977 to correct for background. ¢ Values in
parentheses are the 67% confidence limits. / Bracketed values indicate
that this parameter was fixed during the analysis. # This analysis was not
stable when floating all three parameters. * Number in brackets has been
corrected for the increased viscosity of the GuHCI solution (CRC
Handbook of Biochemistry (1978) (Sober, H. A., Ed.) 2nd ed., CRC
Press, Cleveland, OH).

(Table IV) than that obtained when hw was floated; thus it
can be concluded with a high degree of certainty that binding
of zinc induces a fairly rigid and unique conformation in the
peptide. An attempt was made to fit the metal-free and
GuHCl-treated DNS-ZF,5 data with the Aw parameter fixed
at the 3-A zinc-bound peptide’s value. The elevated xr’~
values (Table IV) obtained for these fits clearly indicate that
the zinc finger peptide is a flexible molecule under these
conditions.

Distance distributions determined with D-A diffusion for
DNS-ZFysareshownin Figure 7A. The 11.2-A average D-A
distance (Ryy) for zinc-bound DNS-ZF; is in good agreement
with the distance determined from the 2D NMR structure of
Wright and co-workers (Leeet al., 1989). Virtually nodonor-
to-acceptor diffusion is detected for zinc-bound peptide. This
is apparent not only from the extremely low value of D (0.001
A2/ns) but also from the relatively unchanged xr*~ values
obtained for distance distribution fits with (1.04) and without
diffusion (1.00) (Table IV). Fixing D at the upper 67%
confidence limit (0.2 A2/ns) determined from the three-
parameter fit (Table IV) yields virtually equivalent R,y and
hw values, thereby indicating the validity of these measure-
ments.

Itis obvious from Figure 7A that the metal-free and GuHCI-
treated DNS-ZF,3 distance distributions are very different
from those of the zinc-bound peptide. The R,, values for both
metal-free (20.1 A) and GuHCl-treated peptide (24.1 A) are
approximately double that of the zinc-bound peptide (Table
IV), which implies that the zinc finger structure is unfolded
in the absence of metal ion, as others have concluded with
other physical methods (Frankel et al., 1987; Parraga et al,,
1988; Lee et al., 1991). However, the differences observed
between the metal-free state and the assumed denatured state
induced by GuHCI (Figure 7A, Table IV) indicate that there
is probably some residual structure in metal-free peptide.

The larger degree of conformational flexibility observed
for both metal-free (Aw = 14.5 A) and GuHCl-treated (Aw
= 30.0 A) DNS-ZF3, as compared to the zinc-bound peptide
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FIGURE7: Zincfinger distancedistributions calculated with diffusion.
P(r) is the probability that a particular distance will occur. Panel
A shows the DNS-ZFy; distance distributions. Panel B shows the
AMCA-ZF distance distributions. In both panels the zinc-bound
distribution is the solid line, metal-free is the dashed line, and GuHCI-
treated is the dotted line. The calculated diffusion coefficient for
cach distribution is indicated. See Tables IV and V for distance-
distribution parameter values.

(hw = 2.8 A), also implies that alternate zinc finger
conformational states exist. The values of D determined for
the metal-free (12 A2/ns) and GuHCl cases (36 A?/ns) are
consistent with the increased flexibility observed in the
distributions. In both of these cases the distributions deter-
mined without diffusion yield at least 2-fold higher xg2n values
(Table IV), thereby indicating that the more correct model
is one that includes the effects of D-A diffusion. Since GuHCI
significantly increases the viscosity of the solution, the value
of D normalized to the viscosity of water at 25 °C is about
54 A2/ns (Table IV). This large difference in mutual D-A
diffusion (42 A2/ns) between the metal-free and denatured
peptide also suggests that metal-free peptide contains residual
structure in the amino-terminal part of the peptide.

Distance distributions for AMCA-ZFysare shownin Figure
7B and reported in Table V. As for DNS-ZFy, these
distributions were determined for zinc-bound, metal-free, and
GuHCl-treated peptide. Differences between the distributions
for these three conditions are not as dramatic as those seen
for DNS-ZF,3 (Figure 7A). However, AMCA-ZFy is most
conformationally restricted when zinc is bound, which is
consistent with the DNS-ZF,s results. The Aw for zinc-bound
AMCA-ZFy is 8 A as compared to only 3 A for DNS-ZF3,
but this increased conformational heterogeneity can be
explained by the difference in point of attachment to the peptide
for these two acceptors (Figure 1). The DNS acceptor is
directly attached to the main chain of the peptide, whereas
the AMCA acceptor is attached to the flexible side chain of
lysine. The21.5-A R,, value obtained for zinc-bound AMCA-
ZF,9 is consistent with the NMR-determined structure (Lee
et al., 1989) for this type of zinc finger.

When the AMCA-ZF, distributions are analyzed with
diffusion, the metal-free peptide’s Aw value increases ap-
proximately 2-fold, but the zinc hw value is only slightly
increased (Table V). As was the case for DNS-ZFs, the Aw
value for GuHCl-treated AMCA-ZF,g was fixed at 30 A in
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Table V: Distance Distribution Parameters for AMCA-ZF,

sample Ry (A) hw (A) D (A%/nsy  xp, 2t

Znt 21.5¢ 8.07 1.27
(21.4-21.5)¢  (1.86-8.29)
21.4 9.90 3.31 1.00
(213-21.5)  (9.16-10.7)  (2.24-5.13)

no metal 21.0¢ 13.2 3.54
(20.7-21.3) (12.6-13.8)
14.6 278 20.4 1.01
(11.4-16.9) (24.3-32.7)  (16.2-28.2)
16.3 (25.0)¢ 16.6 1.00
(16.1-16.5) (15.8-17.8)

5M GuHCl 25.0¢ 134 2.10
(24.8-25.3) (12.4-14.5)
2.5 (30.0) 257(39)¢  1.00
(22.0-23.0) (22.9-28.8)
23.9 (30.0) (36.3) 1.43

¢1A2/ns = 1 X 10-7 cm?/s. b xg,2 is the normalized xg? value. ¢ This
analysis was performed without considering D-to-A diffusion. ¢ Values
in parentheses are the 67% confidence limits. ¢ Bracketed values indicate
that this parameter was fixed during the analysis. / This analysis was not
stable when floating all three parameters. & Number in brackets has been
corrected for the increased viscosity of the GuHC! solution (CRC
Handbook of Biochemistry, (1978) (Sober, H. A., Ed.) 2nd ed., CRC
Press, Cleveland, OH).

order to resolve R,y and D. The AMCA-ZF, distance
distribution results are consistent with what was observed in
the DNS-ZF; distributions. In all cases, except for metal-
free AMCA-ZFy, the R, values are relatively unchanged
when diffusion is added to the analysis. The R,, value for
metal-free AMCA-ZF, decreases from 21 to 15 A. A
decrease in R,, has previously been observed in distance
distributions of a protein after unwinding of its a-helical
segment (Lakowicz et al.,, 1990a; Lakowicz et al., 1992;
Lakowicz et al., manuscript in preparation). The CD spectra
for the ZFy; peptide do indicate the possible presence of an
a-helix (data not shown) when zinc is bound and the 2D NMR
structures obtained for CCHH-type peptides all contain a
helical region (Lee et al., 1989; Klevit et al., 1990; Omichinski
etal., 1990; Kochoyanetal.,, 1991a,b,c). This helical segment
in the zinc finger peptide chain appears to lock the TRP donor
and AMCA acceptor into a relatively fixed position with
respect to each other. However, when the helix is unwound
in the absence of metal ion, the increased flexibility in the
peptide chain then enables the donor and acceptor to come
closer together in solution. Thesmaller differencein thevalue
of D (19 A2/ns) observed for metal-free and GuHCl-treated
AMCA-ZFj, as compared to that observed for DNA-ZFy5
(42 A2/ns), suggests that the carboxy-terminal half of the
peptide is less structured in the absence of metal ion as
compared to the amino-terminal half.

The 67% confidence limits for the DNS-ZF,3 and AMCA-
ZRy distance distribution parameters are reported in Tables
IV and V, respectively (values in parentheses). Generally,
the best resolution in distance distribution parameters is
obtained for zinc-bound peptide. This level of resolution is
achieved for both D-A pairs because the amount of D-A
diffusion is very low (<0.2 A2/ns for DNS-ZFy and 3.3 A2/
ns for AMCA-ZFy5). Metal-free AMCA-ZF, distribution
parameters are not well resolved when all three parameters
are floated. For example, the 67% confidence limits for D are
16.2-28.2 A2/ns. If the hw value is fixed at 25.0 A, the level
of resolution in R,y and D increases dramatically.

As previously mentioned, GuHClI-treated peptide distri-
bution parameters could be resolved only if Aw was fixed. One
possible explanation for this inability to resolve the distance
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distribution parameters without fixing Aw is that both D-A
peptides could not be measured with background fluorescence
values of less than 5% due to lower solubility of the D-A
peptides and the amount of background that results from
GuHC] alone. A second reason is that the level of D-A
diffusion observed for GuHCl-treated peptide (26-36 A2/ns)
precludes the desired level of resolution with single-file analysis
only. Allthreeparameterscould probably be resolved if global
analysis (Beechem et al., 1991, and references cited therein)
was used. For example, two-file analysis of the data reported
here along with measurements of the peptides at low
temperature in the viscous solvent propylene glycol should
enable adequate resolution of all three parameters (Lakowicz
et al., 1990b). Such measurements were not performed
because a change in solvent could alter the conformation of
the peptides. Quenching of the tryptophan donor with various
amounts of an external quencher such as acrylamide might
also enable resolution of all three distance-distribution
parameters (Lakowicz et al., 1991b). However, the low
quantum yield of the tryptophan in the zinc finger peptides
precludes this type of measurement and analysis.

Theoretically, GuHCl-treated DNS-ZF;sand AMCA-ZFy
distance distributions should be very similar since both cases
involve measuring from the midpoint (TRP,4) of the peptide
sequence to each end of the chain. Whenthe data areanalyzed
with the three-parameter distance distribution model with
the hw fixed at 30 A, the Ry, values obtained for DNS-ZFy
and AMCA-ZF,yare 24.1 and 22.5 A, respectively. This R,y
difference is negligible; however, the difference in diffusion
observed for the D~A pairs (36.3 A2/ns for DNS-ZFy and
25.7 A?/nsfor AMCA-ZFy) is significant. Sucha difference
could be attributed to the lower level of resolution observed
for both GuHCl-treated DA pairs. However, an interesting
result was obtained for both D-A pairs when not only Aw was
fixed ((30.0 A)) but also D at the value obtained for the other
D-A pair. For example, when the DNS-ZF,; data were
analyzed with D fixed at 25.7 A2/ns, the resultant R, value
was 22.4 A, which is nearly equivalent to that obtained for
AMCA-ZF5 (22.5 A) when both R, and D were floated
during the analysis. Likewise, in the corresponding analysis
of AMCA-ZFy, the calculated R,, value was 23.9 A, which
is very similar to the 24.1-A value obtained for DNS-ZFys
when R,,and D were floated. These analyses suggest that the
measured molecular conformations and dynamics for both
GuHCl-treated D—A pairs are essentially the same.

Evaluation of the Energy Transfer Orientation Factor (k%)
Parameter. Ever since energy transfer measurements were
recognized as a useful tool in determining molecular distances,
questions have risen concerning the validity in using the random
«?value of 2/3 in describing the orientation between the donor
and acceptor dipole moments (Dale & Eisinger, 1974; Dale
& Eisinger, 1976; Haas et al., 1978a,b; Dale et al., 1979).
This average value was used in the results described above.
However, in order to justify usage of this average value, one
can use the anisotropy data of the fluorophores to set limits
on the x? value (Dale et al.,, 1979; Cheung, 1991). This
evaluation has previously been performed on distance
distribution analyses of a protein (Lakowicz et al., 1988), and
this same procedure has been applied to the data described
above for DNS-ZFjs.

Using the anisotropy data reported in Table III for ZFy
and DNS-ZF,;, minimum and maximum values of x2 were
determined and used to recalculate the Rg values for zinc-
bound and metal-free peptide (Cheung, 1991). The funda-
mental anisotropy (rf) was assumed to be 0.4 for both donor
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FiGURE 8: Effect of «2 on the DNS-ZFy; distance distributions. A
two-parameter model (no diffusion) was used to calculate the zinc-
bound distributions (solid lines). A three-parameter model (with
diffusion) was used to calculate the metal-free distributions (dashed
lines). The «? value used to calculate each R, is indicated next to
each curve.

and acceptor (Dale et al., 1979). The calculated range of «2
values of DNS-ZF,g was 0.23-2.42 and is the same range that
was found for the acceptor-labeled protein Troponin I
(Lakowicz et al., 1988), which also contains an intrinsic
tryptophan donor. Figure 8 depicts the effect that «? has on
the distance distributions. Variation in R,, for zinc-bound
DNS-ZFs was a modest 4.5 A, and for hw it was only 1.2
A. Similarly, the variations obtained for metal-free peptide
was 2.3 A for R,y and 2.4 A for hw. Given the mixed
polarization of the indole donor, it is possible that the actual
effects of k2 are less than those shown in Figure 8 (Haas et
al., 1978a). It was therefore concluded that use of the
dynamically averaged value of x2 (/) did not dramatically
affect determined values of R,y and Aw and in any event does
not affect the differences observed between the zinc-bound,
metal-free, and denatured states.

DISCUSSION

Fluorescence energy transfer distance distribution mea-
surements are very useful in determining not only the range
of accessible intramolecular distances for a given molecule
but also the degree of conformational flexibility that exists
within that molecule. The ability to assess varying degress
of conformational flexibility with fluorescence energy transfer
distance distribution methods has proven very useful in
analyzing the zinc finger structure. All the experimental
evidence reported here for the metal-bound zinc finger peptide
are consistent with a compact, highly inflexible structure,
whereas the metal-free and denatured peptides are relatively
unfolded and very flexible. The anisotropy data indicate that
a more compact structure is formed when zinc binds the
peptide, but in the absence of metal more local motions are
observed, indicating an increased flexibility in the peptide.

Both zinc-bound distance distributions indicate that the
zinc finger peptide is rigid and adopts a unique conformation
in the presence of zinc. The wider distribution obtained for
metal-bound AMCA-ZFy, as compared to the metal-bound
DNS-ZF g distribution, is very likely due to the flexible lysine
side chain where the AMCA acceptor is attached. The
average energy transfer-determined distance between TRPy4
and the amino-terminal DNS group in zinc-bound DNS-ZF5
is 11.2 A, which is very close to the 10-A value estimated from
the NMR-determined zinc finger structure of Wright and
co-workers (Lee et al., 1989). The crystallographic structure
of a 3-zinc finger peptide bound to DNA has been reported
(Pavletich & Pabo, 1991) and superimposition of finger 2 from
this structure with the NMR-determined structure (Lee et
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FIGURE 9: Proposed structural model for the zinc finger peptide
under zinc-bound, metal-free, and denatured conditions. Energy
transfer chromophores are indicated, TRP is the donor, and DNS
and AMCA are the two acceptors.

al., 1989) gives a rms deviation of 0.74 A, Thus, although a
detailed structural comparison cannot be made between our
measurements and the NMR-determined and crystallographic
structures, it is reasonable to assume that our particular zinc
finger typifies the CCHH-type structures reported by others.

A variety of zinc finger conformations exists in the absence
of zinc. It appears that some residual structure is present in
the amino-terminal half of the metal-free peptide. This
conclusion is based on the approximately 2-fold lower half-
width value obtained for DNS-ZF,3 as compared to that of
AMCA-ZFy. It is not known if this residual structure is
important for metal binding and subsequent interaction of
the zinc finger with DNA. Since the metal-free Aw value
obtained for AMCA-ZFy is similar to that obtained for both
GuHCl-treated peptide distributions, it is likely that in the
absence of metal the carboxy-terminal half of the molecule
is in a random coil conformation. It is interesting that the
metal-free AMCA-ZFyg R,, value is 8-10 A less than those
obtained for both GuHCl-treated D—A pairs. Probably there
are some attractive forces between individual amino acids
within the sequence under metal-free conditions which are
then abolished in the presence of GuHCI.

Figure 9 depicts a proposed structural model based on the
distance distribution and anisotropy data. In the presence of
metal ion, the zinc finger peptide adopts a compact and highly
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inflexible structure. Allintramolecular motions are essentially
frozen out after zinc coordination. In the absence of metal
ion the zinc finger molecule retains some structure, which
could be important in providing a high-affinity binding site
(Kp < 102 M) for the zinc. This residual structure could be
the result of association between the three conserved hydro-
phobic residues. It appears that the conserved hydrophobic
residues of the CCHH-type zinc finger play some role in its
structure on the basis of the metal binding studies of a zinc
finger peptide which does not contain these hydrophobic
residues (Michael etal., 1992). Theimplications for regulation
are very interesting (Berg, 1989; Thiesen & Bach, 1991). It
is not known if zinc levels fluctuate in the nucleus during
transcription. If they do, it would be very important for the
transcription factor zinc domains to be able to bind zinc in
a highly efficient manner. Once metal is bound, the unique
conformation of each individual finger enables binding of the
transcription factor to the DNA. Any conformational
flexibility within each zinc finger domain would probably
preclude binding since each domain binds in the major groove
of the DNA in a very modular fashion (Pavletich & Pabo,
1991).

Many additional fluorescence experiments could be devised
for further examination of the zinc finger structure and its
dynamic properties. For example, synthesis of a two- or three-
finger native-sequence peptide as well as oligonucleotides
corresponding to the peptide’s site-specific DN A-binding site
might yield important information about the structure and
dynamics of a zinc finger protein~-DNA interaction. Addi-
tionally, such experiments could reveal if the peptide undergoes
further changes in conformation upon interaction with DNA.
It would also be interesting to examine the other types of zinc
fingers such as the CCCC and CCHC motif to see if their
structures are conformationally restricted as well when bound
to zinc ion. In summary, the fluorescence energy transfer
distance distribution results reported here suggest that this is
a very useful biophysical method for examining the structural
and dynamic properties of zinc finger peptides.
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