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A synihetie peptide carreypanding to zine finger 1 af the Xenvpus prowin Xiin adoptx a falded confarmation in the présence af zine, The tame

peplide in the absence of zine Is nat felded in A siable 1ectiury conformation, us determined by NMR. Binding experimanis have shown that the

peplide binde non: spc:caﬁwl!y e DNA anly.in lhe presence of aing, Moreover, compstilive DNA binding experiments indicale nlerastion with
34 1 0.4 base pairx..

2ine Anger; DNA-binding: 2D NMR

L INTRODUCTION

Zinc fingers represent an important structural motif
found in a large family of cukaryotic transcriptional
regulatory proteins {1-3]. Transcription factor TIIA

(TFIIIA) isolated from Xenopus laevis (4,5] was the
first protein to be identified as a zine finger protein. It

is now apparent that there are different classes of zinc
fingers; this paper is focused on fingers of the TFIIIA
iype where the zine is coordinated by two Cys and twn
His ligands. Circular dichroism and NMR spectroscopy

- have been used to demonsirate the folding of single zinc
. fingers from TFILIA [6], ADRI [7~9], Xfin [10,11], and
SWI5[12]. The folding and the formation of a stable
tertiary structure for these pepndes depends on the
presence of Zn* [6-12).

The TFIIIA protein ¢ontains nine zing fmger moiifs
with 7-11 zinc atoms per molecule [5]. Zinc is proposed
to be coordinated to each of the nine finger motifs, for-
ming &n Independently folded domain. However, recent
reports cast doubts upon the role of zinc in stabilization
of the folded zine finger structure. Studies by Wu and
co-workers suggest that only two mol of zinc/mol of
TFIIIA protein are required to maintain the correct
conformation for sequence-specific binding to either
DNA or § S RNA [13,14]. In addition, Roesch and
coworkers recently reported structural studies of a syn-
thetic 30-residue zinc finger peptide corresponding to
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the seventh finger domain from the mouse Xruppei-tike

gene mKrd [15], with the surprising finding that the
peptide ‘clearly possesses a well defined tertiary struc-
wire' in the absenee of zing, The solution structure pro-
posed tfor zinc-free mKr2 differs significantly from the

~ three-dimensional structure of the Xfin-31 [lOI and

ADRIb [9] zinc fingers.

At presant the literature contains conflicting reports |
concerning the exact role of the zinc in dictating both -
three-dimensional  structure and interactions = with

'DNA. In view of this, we undertock a direct com-

parisan of the same zin¢ finger peptide, ¢orresponding
to finger 31 of the protein'Xfin [16,17] in the absence

and presence of Zn?* to clarify the ambiguity surroun-

ding the role of the metal. The present work and the

work reported earlier [10,11] show unequivocally that
the Xfin-31 zinc finger peptide is folded in a stable ter-

tiary conformation only in the presence of Zn**, In the
absence of Zn®* the peptide does not show stable ter-

tiary structure detectable by NMR. Furthermore, there
is no detectable bmdmg of the Xfin-31 peptide to DNA -
in the absence of Zn?* but non-specific bmdmg occurs

when Zn?* is present,

‘\2. MATERIALS' AND METHODS

' Peplide preparauon ‘ '
Th\. Xfin-31 peptide (Ac- YKCGLCERSFVEKSALSRHQRVHK
N-NHz) was synthesized as described previously [11]. Prior to injec-
tion of the sample for HPLC, the peptide was treated with excess
dithiothreitol (DTT) to reduce any disulfide bridged forms. The
purified sample was lyophilized and stored under argon at —20°C,
The sample used for binding assays and NMR studies was >95% pure

. as determined by znalytical HPLC. The peptide concenuation was

determined by measurement of tyrosine absorbance in 6 M guanidine
hydrochloride at 275.5 nm (easss = 1450 M~'.em™") [18,19]. The
contribution to the absorbance by the two cys;eine residues was also
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2.2, DNA Jar pepride biading assayx
- Two ditferent double siranded deaxyoligonucleotdes were syn«
thevized with an Applied Biovysttmy DNA Syniheslzer Modal 3806,

The single vivandad oliganucleaiices were. deblacked avernight in.
aqueous ammonia (0.5 M) and gel purified, Aliquans of |h¢ single

stranded aligonueleotides werd labeled at the 3° end whth {1 PIATE
‘and polynuclestide kinase prior Lo renaturation with an excers of
unlabeled aligonyeiéotide. Equal amounms of each complementary
strand ¢estimated from UV absarbanee) were mined in 0.1 M sadium
carbanate bulfer, pH 7.5, heated 10 95*C and allowed (o hybridize by
slow ¢ocling (e :rc ’The QNA sequmncex used were:

5 8 28mer (C:block): 8 GATCT;‘\CTTCJGATGGC:ACIACCGCCT(: D

" Bublock 24-mer: 5* GATCGATGQTTCGAATCC‘ATC‘CTC L

where the sequénce of only one strand is uivcn. In addition, a 50 base
pair EcoR1-Hindl11 polylinker fragment from pUC1Y was used as
non«specific DNA, For some éxperiments, the double stranded

© material was gel-purificd prior 10 performing pepilde binding ex.

perimenu Oligonu¢isorides were concentrated by sthanol precipita.

tion and resuspended in binding buffer (see below). An aliquat way -
taken for measurement of DNA concentration by UV absorbanee us. |

ms an =xuncxlon cocfficient of | ODm..m = 30 ag/ml,

2 i Ge.' mobHH,y shm assays for prpﬂde—DNA complexes

DNA binding studies of Xfin-31 peptide were carried aut in a buf.
fer containing 10 mM Tris:HCl {ptd 7.5), § mM MgCl;, 50 mM NaCl,
10%a (v/v) glycerol with 0.5=1 ngof Inbeled double stranded synthetie
oligonucicotides and various amounts of unlabeled poly dl-poly dC
{10-500 ng, Pharmacia} in & fina] valume of 10-20 41, Binding reac-
tions were at 22°C for 30-45 min. Both the free peptide and the
preformed zinc complex were used. The samples were loaded on a |

mm-thick 5% polyacrylamide gel (29:1 acrylamide to bisacrylamide) |

in 90.mM Tris-borate buffer, pH 8.3, and subjected to electrophoraesis
‘at 125~150 V (8-10 V/an) for 2.5 10 3.5 h. The gels were pre-

elecirophoresed at 130 V for | ki prior to electrophoresis. The labeled

DNA was visualized by auloradiography and the peplide-bound and
free DNA was quantitated by liquid seintillation counting of gzl sl:ces
obtained wiih the ald of the autoradiogram.

2.4. NMR measurements

Zinc-free Xfin-31 was prepared as a 4 mM solution in 90%
H:0/10% *H:0 and in *H,Q at pH 4,15 and:*H0 a1 pH 4.4. Care
was taken to prevent oxidation and disulfide bridge formation while

preparing the sample for the NMR experiments. All solvents were -

purged with ergon and all transfers were carried out under argon. The

'H NMR spectra were recorded at 278 K using & Bruker AMS00 spec- . ‘

trometer, Data processing was carried out on CONVEX C120 and
€240 computers using software provided by Dr Dennis. Hare,

All of the NMR data described here refers to the zinc-free Xfin-31

peptide (see [10,11] for NMR studies of the zinc complex). Two-
dimensional NMR spectra were recerded in the phase-sensmve mode
with guadrature detection in the o) dimension using time-
proportional phase incrementation [21,22], Specira were recorded
with the carrier placed on the 'H:0 or HOD resonances. Double

quantum filtered COSY (DQF-COSY) spectra were acquired using

the standard pulse sequence and phase cycling [23]. Phase-sensitive

NOESBY spectra were acquired using standard methods [24] with 300.

and 500 ms mixing periods.
Spectra were Fourier-transformed usmg a Lorentzian to Gaussian

- weighting function in the o dimension and a shifted sine bell

welshtmg function in . Baseline-correction [25) and t, ridge sup-
pression [28] were used for cosine madulated experiments, For most
‘experiments, the final spectrum contained 2048 real points in both
dimensions
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1. RESULTS AND DISCUSSION

Standard sequantial assignment procedurex {27] wére
used to obtain specific assignments for the zine-free
Xfin-31 pepride. The dun(iii+ 1) and don(ii+ 15 e
quential NOE enhancements observed for zine-free
X[in-21 are summarized in Fig. I along with a represen-

1ative -eninn of the NOESY specreum. A few very weak

don(ld+2) and daglii+3) NOEB's are observed In
NQESY spectra recorded ar very lang mixing times
(7w = 300 and 500 ms). These are indicative of a small
population of helical and turn-like conformations in the
zine-free peptide. However, the weakness of these
. NOE's .and the dominance of dyn(ii+ 1) sequential:
NOE connectivities shows that the pcpnde is lnrgely un-
folded in the absence of Zn?*

Sccondary structure predncnon (28] for XEin-31 pep-

tide shows strong prapensity for helical conformation

for residues Cys-6 through: Gin-20. Overall, the seeon-
dary structure prediction correiates well with the exs .
perimental ‘observation of weak d.q(i,i +3) medium-
range NOE's which indicate the presence of .a small
population of helical conformers between Glu-7 and.
GIn-20 in the zinc-free peptide (Fig. 2). The duwii+ 1)
sequential NOE's become weaker relative to . the
den(i,i+ 1) NOE's at both ends of the peptide, sug-

- gesting that the helix is frayed and more disorderad

toward both termini.

The NOE connectivities observed f‘or the zing-
complexed peptide [11] are notably different from those
of the zinc.free peptide, The medium-range NOE's -

‘dct‘mmg the helix are very much stronger in the presence

of Zn*, are more extensive, and occur in a different
region of the sequence (Fig. 2). In contrast to the free
peptide, the helix extends from residues 12-24 in the
zinc complex. In the absence of Zn?* the dwn(i,i+ 1)
NOE’s - are weaker than the d.n(i,i+1) NOE's

throughout the sequence (Fig. 1), consistent with a low

population of helical conformers; for ‘the zinc.

-complexed peptide the dnn(i,i+ 1) NOE's are stronger
‘than the dan(i,i + 1) NOE's (see Fig. 2in ref. 11) in the
‘helical region. Circular dichroism measurements on

related finger pepndes confirm the presence of helix in" -
the presence of Zn?* but fail 1o detect helix in the zine-
free peptides (unpublished observations on TFIIIA
finger 5; see also [6,7]), F:nally. many long-range
NOE’s are observed for the zinc-complexed peptide be-
tween residues distant in the polypeptide chain [10 11];
no long-range NOE's are observed . for the zinc-free
peptide, even at a mixing time of 500 ms. :
Substantial changes occur in the NMR spectrum of

_the Xfin-31 peptxde upon_ binding of Zn%*. In the

absence of Zn®*, 'H and "*C chemical shifts are very
close to random coil” values (Lee, Palmer and Wright,

manuscript in preparation). The dispersion of the

amide and the C*H proton resonances increases con-
siderably when Zn** is bound and several methyl,
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Flg 1, Funger print region of NOESY spectrum of zing- l‘ree Xfm-SI peptide in 90% H»0/10% 2Ha0 with summary of sequential NOE connec-
tivities. Sequential (i,i+ 1) NOE's are represented as hatched blocks. The height of the block is 2 qualitative measure of NOE intensity in the
: rm =300 ms NOESY spectrum at 278K.

aromatic, and amide praton resonances are shifted
significantly relative to their positions in the zinc-free
peptide. These characteristic resonance shifts were
‘observed for both Xfin-31 and finger 5§ of TFIIIA [11]
" and are similar to those described by Klevit and co-

workers for a synthetic zinc finger from ADRI1 _[7-9]‘ ‘

and Neuhaus and co-workers for fingers from SWI15
[12]. In all cases, the fmger peptides appear to fold only
in the presence of Zn?

To investigate further the role of Zn"* DNA binding
assays for Xfin-31 peptide in the presence and absence
of Zn®* were carried out. Gel electrophoresis of labeled
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Flg 2. Camparison of medium range NOE's cf(a) zlne- frce Xfin-31

and (b) rinc-complexed Xfin-31 ar 278K. The NOESY spectra of the
zinc-free Xfin-11 peptide were measured with mixing tinies of 300and
500 ms., The NOESY spectra or zincscomplexegd Xfin-31 were
measured with mixing times of 150 and 2060 ms, The dashed lines for
the medium-range NOE's for zine-fres Xfin-31 indicare the much
weaker intensities observed relative to the zine-complexed ¥fin-31,

Even at the longer mixing times used, the medium range NOE inten-

sitles are much weaker for the zing-free peptide,

DNA fragments under nau-denaturmg condmons [29]

was used to menitor binding of the Zn?* finger peptides
to small double stranded deoxyoligonucleotides. Since

- the binding site for Xfin is unknown {16}, we used two
oligonucleotides available in our laboratory. One of
. these corresponds to the major binding site for the RNA
- polymerase Ill transcription factor TFIIIC (B-block

- 0ligo) [30) and the other corresponds to part of the bin-
ding site for the 3 S gene-specific transcription factor
"TFIIIA [4]. As TFIIIA is the prototype zinc finger pro-

tein [5] and TFIIIC is also likely to be a zinc finger pro-

tein since metal chelation with o-phenanthroline in.
hibits TFIIIC binding (E.P. Gelduschek, personal com-
munication), these oligonucleotides seemed to be ap-
propriate for assays of Xfin-31 peptide binding. Fig, 3
shows the results of a titravion of the B-block
oligonucleotide with Xfin-31 peotide in the presence
* (lanes 1 to 4) and absence (lanes 5 to 8) of Zn**, With
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Fig. 3, Non. demntuting gel clec(wpherem shawmg xrm k]| pepude .
binding to n double srrandwl deoxyoligenucleoiide. Various imounts
of Xfin-31 peptide were mised with 10 ng of the labeled B-black
oligenucleotide In a final volume of 14 xl. Daln for the
Zn'".containing (lanes 1-4) and Zni". free peptide (lanes - 8y are
shown, The ratios of n. *! of peptide per mol af DNA base pairs were:
Iane 1, 0:13 Jane 2, 4:1; lane 3, 12:1; lane 4, 40:1; lane 5, 0:1; lane 6,
0.3:1; lane 7, 415 I‘mca 40:1, Tt1¢n;|tpr1d|ogr'1lnof'thcgcl is show,

increasing amounts of Zn** finger peptide, the labeled
oligonucleotide is retarded in its migration in the gel, in-
dicating an interaction with the peptide. Binding assays
were performcd giving an association constant of 1.5
x 109 M™'. The diffuse nature of the retarcled species
and the absence of specnflc retarded bands suggests a’
non-specific interaction of the peptide and the labeled
DNA. Similar results were obtained for the TFIIIA
oligonucleotide and for a non-specific restriction frag-
ment from pUC19 (data not shown). In the absence of

Zn** (Fig. 3, lanes 5 to 8), :no retardation of the.

oligonucleotide is observed, even with 40-fold excass of
peptide to DNA base pairs suggesting that Zn** is re-
quired for DNA binding. It is clear from Fig. 3 that the
zine finger peptide binds to both single stranded and
double stranded DNA,; this is not surprising since intact
TFIIIA is also known to bind single stranded DNA [31].
Inorder to determine whether the binding of the Xfin
peptide exhibits any sequence specificity, binding to the -
labeled oligonucleotide was challenged by the inclusion
of various amounts of unlabeled poly di-poly dC as a

_ competitor. Fig, 4 shows that poly dl-poly dC competes

effectively with the labeled ohgonucleotlde for peptide

‘binding., From the competition experiments, the ap-

parent association constant for Xfin-31 peptide binding
to paly dI-poly dC is 9.4 x 10° M~ and the active pep-



Valyme 279, number 3

“* S —
'u“I b
- * E
3 "y
ak i
~ﬁ
LA ‘
LTSI .
ar ,;,.,..w,.
Y S i e P e o
a o '“ " "

[ DNA ] (uM)

‘Fig. 4, Paly dl-pely d€ competition for Xfin-11 peptide binding 10 &
labaled donbbe stranded deaxyaliganueleanide. (ad Inlanes [ a8, | ng
(16 pmol buse palrs) of [abeled Beblock olipanucleatide wux mised
with increasing ameunts of 2inc-containing XMin+3) peptide while In
lanes &10 10, 4 constant amount of peptide (0.4 nmal), | ng of labeied
DNA (16 pmal) and variaus amounts of uplabeled paly dl-pely o
were nnalyaed by ndn-denaturing gel ¢lecirophoresis. The ratios af
mal af peplide 16 101al mol of DNA base padrs were: lane 1, 0:1; fang
2, 0.26:0; fane 3, 0.8: 1 lane 4, Si1: tane 51705 lane 8, 3611 Jane 7,
&:1; lane 8, 30 lane 9, 1.5 lane 14, 0.78:), The aurtoradiogranm af
thie gel is shown. (b) A plot of the ratie of bound to free labeled
aliganueleatide versus toral input DNA concentration. Dala were ob-
tained with a constant amount of peptide (58 4M ¢oncentrazion), | ng
- {16 pmol) labeled PNA and inereasing amoxnts-of unlabeled poly di-
poiv dC, Data are inclucded from tiree separate experiments, The ap-
parent association constant for the DNA-peplide complex is
calewlared from the slope and the active peptide concentration from
the &+ Inlcrcupl

tide concentration is 14.0 = 1.5 M, assuming that the
binding site for the peptide is | base pair {as the com-
petitor concentration is given in molar base pairs). The
actual peptide concentration used in this experiment
was 55 xM. Previous NMR studies ‘[10,11] indicated
that the Xfin-31 peptide is structurally homogeneous
“and have inferred that essentially all the peptide is active
in binding DNA. Using this peptide concentration, the
[interaction of Xfin-31 with DNA was determined to be
3.9 x 0.4 base pairs (35 4M/14 + 1.54M). Within ex-
perimental uncertainty, these data suggest that the
Xfin-31 peptide interacts with about 4 bp of DNA.,
There have been other reports of DNA binding by
single zinc finger peptides. The second zinc finger from

. TFIIIA appears to bind to DNA with some sequence’

specificity; . however, binding showed no clear

dependence on Zn** [6]. (Our own experiments with a-

zine finger peptide corresponding to finger 5 of TFIITA
fail to detect ‘any specificity in. binding to an
. oligonucleotide containing the correct recognition site).
A single zinc finger from ADR1 binds non-specifically
to DNA; the affinity is increased in the presence of

Zn?* [7]. In both cases, folding of the peptide is depen-

dent on the presence of Zn**. However, a zinc finger
motif from mKrZ2 was reporied récently to adopt a
stable tertiary structure in aqueous solution in the
- absence of Zn** [15]. Although both zine-free Xfin-31
and de-metallated SWIS5 do not show any long-range
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NOE's, thc I‘rea mk‘r.? peptide has been rr.‘ported {a
shiow a number of © 1 range NOE's indicative of fold.

ed strueiare, In contrast. the chemical shifts reported
far mKr2 ¢losely resemble those of 4 'random coil® {32];
In faet, the chemical shift dispersion of the fingerprint
regior: of the NOESY spectrum of m&r2 [15) closely
resembles  that af the unfolded zinc-f‘ree xrm i

(Fig. 1)

4. CONCLUSION

For n single synthetic zinc finger of the TF![IA type,
Xfin3l, NMR experiments show unequivaeally that
zineis r‘equired for earrect folding and that the zine-free
pepticle is not folded in a stable tertiary conformation.
Since the peptide s largely unfolded in the absence of
Zn?*, the metal nppears to play a key role in stabiliza-
tion of the folded structure. Corcordantly, DNA bin-
ding assays clearly indicate that the Xfin-31 peptide
binds to DNA (nan-specifically) only In the presence of
Zn**. These assays further support the NMR evidence
for the correct fakhng of the Xfin-3l pepude in the
presence of Zn?*

One of the more mtcrcsung results of the DNA bin-
dlns experiments is the apparent number of base pairs
that interact with the Xfin-31 peptide. Our experimen-

tal data suggest that about 4 bp of DNA interact with

the folded Xfin zinc finger. We note that ~ 5 base pairs
per finger are implicated in binding of TFIIIA and
SWIS.t0 DNA [1,33,34], while binding of Spl fingersis .-
believed to involve ~ 3 base pairs per finger (33). Thus

“there may be differences in the mode of interaction of

zinc fingers with DNA, depending on whether the bin-

ding is specific or non-specific and upon the exact

nature of the zinc fingers and the target DNA. Elucida-

tion of these interactions will require direct structural
studies of DNA-zinc finger complexes, which are cur-

rently in progress in this laboratery.
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