
(23). We suggest that a second cellular con- 
tribution to the unwinding reaction is a 
factor involved in modulatini the functional 

.J 

state of T antigen4hanging it from a static 
DNA binding protein to a mobile helicase. 
This factor ma; be the S phase activator. 

We realize that we have presented the 
above model without reference to the cellu- 
lar equivalent of T antigen-the cellular 
initiator protein. Cyclic control of initiator 
protein abundance may not be required to 
regulate effectively the onset of DNA repli- 
cation. In support of this, we have demon- 
strated previously, in a specific model sys- 
tem, that in vivo the initiator protein SV40 
T antigen remains stably associated with its 
template DNA for at least two cell cycles 
(24). Despite the continuous association of 
the initiator protein with its template, the 
model replicon replicated just once per cell 
cycle. Thus, the onset of replication was not 
regulated by the physical presence of the 
initiator protein (that is, T antigen). Similar- 
ly, it is possible that the cellular initiator is 
constitutively present and stably associated 
with replication origins. When the decision 
to replicate DNA is made, a factor that is 
necessary for the initiator to unwind DNA 
at the o;igin is synthesized. Only then does 
DNA replication begin. 
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Zinc-Dependent Structure of a Single-Finger 
Domain of Yeast ADRl 

In the proposed ((zinc finger" DNA-binding motif, each repeat unit binds a zinc metal 
ion through invariant Cys and His residues and this drives the folding of each 30- 
residue unit into an independent nucleic acid-binding domain. To obtain structural 
information, we synthesized single and double zinc finger peptides from the yeast 
transcription activator ADR1, and assessed the metal-binding and DNA-binding 
properties of these peptides, as well as the solution structure of the metal-stabilized 
domains, with the use of a variety of spectroscopic techniques. A single zinc finger can 
exist as an independent structure sufficient for zinc-dependent DNA binding. An 
experimentally determined model of the single finger isproposed that is consTstent 
with circular dichroism, one- and two-dimensional nuclear magnetic resonance, and 
visual spectroscopy of the single-finger peptide reconstituted in the presence of zinc. 

T HE ZINC FINGER MOTIF IS PRESENT tions producing null alleles were clustered in 
in several transcription regulatory the zinc finger sequences and also indicated 
proteins (1, 2). The model for this that specific conserved residues within its 

proteinhomain was first proposed based on two adjacent finger domains were essential 
sequence analysis (3, 4), partial proteolysis for protein function. Recently, an ADR1- 
(3), and zinc content (3) of Xenopus tran- P-galactosidase (ADR1-P-gal) fusion pro- 
scription factor TFIIIA. ADRl is a positive tein containing the first 229 residues of 
transcription activator of the glucose-re- ADRl was shown to footprint both up- 
pressible alcohol dehydrogenase gene stream activator sequence 1 (UAS1) and 
(ADH2) in the yeast Saccharomyces cerevisiae upstream activator sequence 2 (UAS2) of 
(5) .  The ADRl gene codes for a 1323- 
residue protein, and sequence has G. Pirraga, A. Eisen, W. E. Taylor, E. T. Young, R. E. 
revealed two zinc finger domains between Klevit, Department of Biochemistry SJ-70, University of 

residues 100 and 160 in the protein (6). In a ESP%&  ion of Califor- 
genetic analysis of ADRl (7), point muta- nia Institute of Technology, Pasadena, CA 91125. 
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ADH2 (8 ) .  However, a fusion protein of the 
first 150 residues (lacking the last His zn2+ 
ligand) did not activate transcription of 
ADH2 nor did it bind to DNA (9). An 89- 
residue fragment containing the minimal 
sequences for the three zinc fingers in anoth- 
er yeast transcription regulatory protein 
(SWI5) can footprint DNA (10). In the 
absence of detailed structural information 
about the zinc finger domains themselves, 
this type of deletion and genetic information 
has been some of the strongest evidence in 
support of the zinc finger model. 

Our approach to this structural problem 
involved first chemically synthesizing a 
single zinc finger (30-residue) peptide by 
the stepwise solid-phase method (11, 12). 
The peptide ADRla (Fig. 1) contains resi- 
dues 130 to 159 of the protein. ADRla 
was purified by standarci reversed-phase 
high-performance liquid chromatography 
(HPLC) techniques on a C4 column; pep- 

tide composition was confirmed by amino 
acid composition and sequence analysis. The 
lyophilized, reduced, and purified peptide 
was then reconstituted in a tris-buffered zinc 
solution. 

We needed to confirm that (i) metal 
binding occurred and that (ii) metal binding 
drove the folding of the peptide into a single 
major, stable conformation. A visual spec- 
trum of the Co2+ form of ADRla contained 
absorbance maxima indicative of tetrahedral 
coordination of the metal ion (635 nm) and 
of thiol-containing ligands (325 nm) and 
was similar to previous results with another 
zinc finger peptide (13). The Co2+ absorp- 
tion band disappeared when a slight molar 
excess of ZnC12 was added, suggesting that 
Zn2+ occupies the same metal pocket and 
ligand geometry as the Co2+ metal ion. 
These results also agree with an extended x- 
ray absorption fine structure (EXAFS) study 
of TFII IA (14) that indicated that the zn2+ 

Fig. 1. Amino acid sequence of R-*\ 
ADRl zinc fingers and the se- 
quence of ADRla (22).  The entire 

9~ 

sequence is located between resi- 4 
dues 102 and 159 in the ADRl 
protein and is drawn according to 
the model proposed by Miller et al .  
(3). The sequence of the peptide 
ADRla is underlined. Invariant 
residues are circled. 

102 

L 1 

ADRlc 

Fig. 2. 500-MHz 'H NMR spectra A 
of ADRla in the presence and ab- 
sence of zinc. Spectra are shown of +ZnCI, 
1 mM ADRla reconstituted in the 
presence of (A) 1.1 mM ZnC12 and 
50 mM tris and (6) 1 mM EDTA 
and 50 mM tris: (O), His C2H; 
and (m), His C4H. The peptide 
was synthesized by the stepwise sol- 
id-phase method and was reconsti- 
tuted at pH 7.8 in the presence of 
ZnC12 or EDTA in 50 mM tris. 
Proton NMR spectra of D 2 0  solu- 
tions were obtained on a Bruker 
WM500 at 30°C with a spectral 
width of 6410 Hz, acquisition time 

I'Lik 
of 0.693 s, and a relaxation delay of B 
1 s. 

+EDTA 

metal ion was tetrahedrally coordinated by 
His and Cys residues. 

Given that ADRla binds zinc in a tetrahe- 
dral geometry, we asked whether zinc bind- 
ing was coincident with a single major con- 
formational form of the peptide. This ques- 
tion was assessed by one-dimensional (1D) 
'H nuclear magnetic resonance (NMR); 
NMR spectra of ADRla in the presence and 
absence of zn2+ are compared in Fig. 2. In 
Fig. 2A the aromatic region of the spectrum 
shows considerable rearrangement of aro- 
matic proton resonances. For example, His 
C2H and C4H have shifted and are inequi- 
valent in the zinc form, suggesting that His 
residues are involved in zinc binding or that 
a major conformational change in the pep- 
tide results in ring-current shifts of the His 
residues. The aliphatic region of the spec- 
trum exhibits major rearrangement as well; 
in particular, several methyl proton reso- 
nances are shifted upfield from the main 
methyl proton cluster at 0.9 ppm. These 
chemical shifts are compatible with a major 
conformational change in the peptide as a 
consequence of zn2+ binding. The two 
spectra have similar line widths, indicating 
that zinc is not promoting any intermolecu- 
lar association. Thus, even at the millimolar 
concentrations used for the NMR ex~eri- 
ments, the peptide probably exists as a 
monomer. Furthermore, 2D and 1D NMR 
experiments were performed at various pep- 
tide concentrations (0.5 to 6 mM), and no 
changes dependent on peptide concentra- 
tion were found in either the 1D or 2D 
spectrum. NMR spectra obtained for the 
peptide in buffers lacking zinc or in 0.5% 
acetic acid and 5 rnM ZnC12 (in which His 
residues are ~rotonated and unable to bind 
zinc), were identical to spectra obtained in 
the presence of EDTA. Given that the fold- 
ed domain exhibits slow exchange behavior 
(IS), the absence of minor peaks in Fig. 2 
indicates that only one major conformation- 
al form of the peptide exists under condi- 
tions where it is folded in the presence of 
zinc. This form is stable frompH 4.5 to 8, as 
judged by 1D NMR. 

Circular dichroism (CD) spectroscopy 
was used to monitor secondary structural 
changes in ADRla upon metal binding 
(Fig. 3). The CD spectrum of ADRla re- 
constituted in the presence of EDTA (curve 
a) differs from that for ADRla refolded in 
ZnClz solutions (curve b). The large in- 
crease in negative ellipticity at 222 and 208 
nrn, shown for ADRla refolded in ZnClz, 
indicates that the peptide contains a-helical 
structure. The fraction of helix induced un- 
der these conditions was calculated (16) to 
be 32%. or about 10 of 30 residues, which 
would correspond to approximately three 
turns of an a helix. This large increase in 
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Fig. 3. Circular dichroism spectra 
of ADRla. CD experiments were 
conducted at 22°C on an ON- 
LINE SYSTEMS (Jefferson, Geor- 
gia)-modified Cary 61 spectropo- 
larimeter. Peptide concentrations 
were 0.2 mM, and spectra were 
obtained in a 0.1-cm path length 
cuvette in which the peptide was 
reconstituted in the presence of: (a) 
1 mM EDTA and 50 mM tris and 
(b) 5 mM ZnC12 and 50 mM tris 
(23). 

-1 2000 L I 
190 21 0 230 250 

Wavelength (nm) 

helical content is consistent with the propos- 
al that metal ion binding drives the overall 
folding of the zinc finger domain. This large 
structural change is in contrast with the tat 
monomer structure (1 7); in this case, metal 
ions do not alter the global folding for the 
entire protein, but promote dimerization. 
Our observation that zinc binding promotes 
a-helix formation in ADRla is consistent 
with CD data on a reconstituted single- 
finger fragment from TFIIIA (13). 

Given that we have a single, stable struc- 
ture that binds zinc, a 2D NMR data set 
sufficient to complete the sequential assign- 
ments of the domain was obtained. To 
confirm the presence of a-helical structure 
in the zinc form and to identify its loca- 
tion in the primary structure, 2D NMR 
nuclear Overhauser exchange spectroscopy 
(NOESY) spectra were examined. Sequen- 
tial, nearest-neighbor NH-to-NH nuclear 
Overhauser effects (NOEs) are indicative of 

A 

6.4 - 

7 2 - 

ti 
P 

8.0 - 

8.8 - 

a-helical conformation (1 8). In addition, 
NOES between CP protons and NHs be- 
tween nearest-neighbor residues (i to i + l ) ,  
and those three residues apart in the se- 
quence (i to i + 3), strengthen the interpre- 
tation that an a helix is present. The sequen- 
tial NH-NH connectivities for the zinc form 
of the ADRla peptide from a phase-sensi- 
tive experiment are shown in Fig. 4A. The 
segments involved have been assigned with 
spin system assignments from J-correlated 
spectroscopy (COSY), relayed coherence 
transfer spectroscopy (RELAY), and total 
coherence (TOCSY) spectra. The longest 
NH-NH segment is for a contiguous se- 
quence of the peptide (Fig. 4A) from 
through LyslS3, which would fit about three 
turns of an a helix. We also observed NOES 
between Cp protons and NHs among near- 
est-neighbor residues (i to i + 1 and i to 
i + 3) for this sequence; NH-NH NOES 
also were observed for the sequence Gly13' 

to ~ y s ' ~ ~ ,  suggesting that these residues are 
involved in some form of a turn. Cys'34 and 
Cys'37 are possible zinc ligands, and a turn 
mav be necessarv in order to accommodate 

8.8 8.0 7.2 6.4 mM ADRla refolded m 5 mM 

PPm 
ZnC12, 50 mM deuterated trls m 
90% H20-10% D20 (vIv), pH 

4.5. The longest segment of sequential NH-NH comectivitles was followed and assigned as: 
LLIRHAQK (22) (8) kbbon model of smgle zmc finger domain (ADRla) mcorporaung tetrahedral 
coordmauon of zmc by conserved Cys resldues 134 and 137 and HIS residues 150 and 155 and a-hehcal 
conformauon between ~ e u ' ~ ~  and Lys153, as suggested by the 2D NOESY spectrum. The conserved 
residues LeuI4', His1'', and PheI4', as well as Leu146, mteract in the central core of the domain. 

0 

* @ 

Fig. 4. (A) NOESY spectrum of 
ADRla pepude indicating NH-to- 

tetrahedral coordination of the zinc ion. 
A ribbon model for the ADRla structure 

that incorporates the tetrahedral organiza- 
tion of conserved His and Cys ligands to 
one zinc metal ion is shown in Fig. 4B. The 
a helix is shown between residues 

d t 
o D 

and ~ v s " ~ ,  as is a turn between Cvs zinc 

NH connectivlties. The downfield 
region of a phase-sensitive NOESY 

ligan&. &other specific feature of ;he rib- 
bon model, which is supported by 1D and 
2D NOEs, is a hydrophobic core that con- 
tains the three conserved residues phe14', 

and  is'", as well as More- 
over. an examination of the helix shows that 

(24) spectrum was obtained for 4 
I I I 

certain residues that are charged (Arg14' and 
LyslS3) or capable of hydrogen bonding 
(Gln''') would be located on one side of the 
helix facing away from the hydrophobic 
core. This organization may be important in 
facilitating DNA binding. The placement of 
an a helix in this region agrees with a 
previous prediction (19) based upon Chou- 
Fasman analysis (20) of amino acid se- 
quences of several zinc finger proteins, in- 
cluding ADR1. A model similar to this 
ribbon model has been proposed (21), based 
upon the comparison of crystal structures of 
metalloproteins with similar primary se- 
quences proximal to the ligand site as found 
in the consensus zinc finger primary se- 
quence. However, the low-resolution struc- 
ture proposed here is based on the 2D 
NMR NOESY and 1D NMR NOES of the 
folded single-finger peptide from ADR1. 
Our model differs from a previous one (21) 
in that we have no evidenie for the antipar- 
allel (3 turn depicted in the Cys-Cys region 
of the structure. The helix interpretation is 
consistent with our NOEs, however. 

We have shown that an ADR1-P-gal 
fusion protein (containing residues 17 to 
229, with both zinc fingers of ADRl intact) 
binds ADH2 promoter elements sequence 
specifically in a zinc-dependent manner and 
yields deoxyribonuclease I (DNase I) and 
Fe(I1)-MPE (methidium propyl-EDTA) 
footprints (8). DNA filter-binding and 
DNase I footprinting experiments were per- 
formed with ADRla under conditions such 
that the fusion protein showed sequence- 
specific DNA binding. Unlike the ADR1- 
(3-gal hsion protein, ADRla showed no 
sequence-specific DNA binding. Although 
the 30-residue peptide is stably folded, it did 
not participate in UAS-specific DNA bind- 
ing, but its affinity for DNA was increased 
when reconstituted with zinc. DNase foot- 
print analysis of a TFII IA single-finger frag- 
ment also indicated that this domain was not 
sufficient for sequence-specific binding (13). 
Nagai et al.  (10) suggest that this result 
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indicates incorrect folding, although we 
know of no evidence to  indicate that a 
correctly folded single zinc finger is capable 
of sequence-specific binding. Indeed, point 
mutations in ADRl  (7) indicated that both 
fingers were essential for protein activity. In 
addition, a peptide fragment containing 
three zinc fingers (10) has been shown to 
footprint DNA. Taken together, these pep- 
tide-fragment DNA-binding results might 
suggest that multiple fingers are required to 
contribute the correct number and type of 
base contacts for sequence-specific binding 
to occur, or that a single-finger domain 
requires a larger protein context in order to 
maintain the proper geometry for specific 
DNA binding. Further analysis of the 2D 
NMR spectra of the single- and double- 
finger peptides should allow us to determine 
the complete structure of this nucleic acid- 
binding motif, and should be an important 
step toward an understanding of how multi- 
ple fingers bind DNA. 

REFERENCES AND NOTES 

1. A. Klug and D. Rhodes, Trends Biochem. Sci. 12, 
464 (1987). 

2. R. M. Evans and S. M. Hollenberg, Cell 52, 1 
11988). 

3. f-h?fierer, A. D. McLachlan, A. Klug, EMBO J. 4, 
1609 (1985). 

4 .  R. S. Brown, C. Sander, P. Argos, FEBS Lett. 186, 
271 (1985). 

5. C. L. Denis and E. T. Young, Mol. Cell. Biol. 3 ,  360 
(1983). 

6 .  T. A. Hartshome, H .  Blumberg, E. T.  Young, 
Nature 320, 283 (1986). 

7 .  H. Blumberg, A. Eisen, A. Sledziewski, D. Bader, E. 
T. Young, ibid. 328, 443 (1987). 

8. A. Eisen, W. E. Taylor, H.  Blumberg, E. T. Young, 
unpublished results. 

9. S. Thrukal, W. E. Taylor, A. Eisen, E. T. Young, 
unpublished results. 

10. K. Nagai, Y .  Nakaseko, K. Nasmyth, D. Rhodes, 
Nature 332. 284 (1988). 

11. D. Roise, S. J .  'HOW&, J. M. Tornich, J. H. 
Richards, G. Schaa, EMBO J .  5 ,  1327 (1986). 

12. M. F. Bruist, S. J. Horvath, L. E. Hood, T. A. 
Steitz, M. I. Simon, Science 235, 777 (1987). 

13. A. D. Frankel, J. M. Berg, C. 0. Pabo, Proc. Natl. 
Acad. Sci. U.S.A. 84, 4841 (1987). 

14. G. P. Diakun, L. Fairall, A. Klug, Nature 324, 698 
(1986). 

15. Spectra of the folded form of ADRla have been 
obtained from 15" to 35°C. No significant tempera- 
ture-dependent chemical shifts have been observed, 
indicating that the system is in slow exchange. 
Furthermore, in samples containing a mixture of 
unfolded and folded species (oxidized and reduced 
species), separate resonances were observed for each 
form of the peptide, again indicating slow exchange 
behavior. 

16. C. T. chang, C. H.  C. Wu, J. T. Yang, Anal. 
Biochem. 91,  13 (1978). 

17. A. D. Frankel, D. S. Bredt, C.  0. Pabo, Science 240, 
70 (1988). 

18. M. Billeter, W. Braun, K. Wiithrich, J. Mol. Biol. 
155, 321 (1982). 

19. R. S. Brown and P. Argos, Nature 324,215 (1986). 
20. P. Y .  Chou and G. D. Fasman, Biochemistry 13, 222 

(1974). 
21. J. M. Berg, Proc. Natl. Acad. Sci. U.S.A. 85, 99 

(1988). 
22. Abbreviations for the amino acid residues are: A, 

Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H ,  
His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 

Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. 

23. Raw data were obtained and are shown without any 
curve smoothing with a resolution of 0.2 nm per 
data point; each data point represents the average of 
40 samples. Ellipticity values at 222 nm were con- 
verted to mean molar residue ellipticity values with 
the equation [@I222 = OMr/(lOOLc), where @ = de- 
grees, L = cell path length (dm), c = concentration 
(glml), and M, = mean residue molecular weight 
calculated from the amino acid sequence. Fraction of 
helix fH was calculated as jH = [0]2221{[8]~(1 - 
kln)}, where [@IH = -37,400, k = 2.5, and n = 9 
[k is the chain length dependence factor, and n is the 
number of residues in a typical a-helical segment 

(1s)l. 
24. NOESY spectra have been obtained in the phase- 

sensitive mode with mixing times of 200, 300,400, 
and 600 ms to assess the degree of spin diffusion. 
Spectra obtained for samples in 90% HzO solutions 
were acquired with a presaturation pulse of 2.0 s. 

25. We thank B. R. Reid and G. Drobny and their 
groups for use of NMR facilities; H .  Charbonneau, 
S. Kumar, M. Harrylock, R. Wade, and K. Walsh 
for assistance with amino acid compositional analy- 
sis and for sequencing the peptide; and our col- 
leagues D. Allison, J. Herriott, and B. M. Shapiro 
for their helpful comments on the manuscript. 

15 June 1988; accepted 12 August 1988 

Virus-Specific Splicing Inhibitor in Extracts from 
Cells Infected with HIV- 1 

Human immunodeficiency virus type 1 (HIV-l), in contrast with most other retrovi- 
ruses, encodes trans-regulatory proteins for virus gene expression. It is shown in this 
study, by means of an in vitro splicing system, that nuclear extracts obtained from cells 
infected with HIV-1 contain a factor (or factors) that specifically inhibits splicing of a 
synthetic SP6lHIV pre-messenger RNA (pre-mRNA)<ontaining donor and acceptor 
splice sites in the coding region for the envelope protein. It is also shown that the SP6/ 
HIV pre-mRNA is not capable of assembly in a ribonucleoprotein complex, spliceo- 
some, in extracts from infected cells. These findings raise the possibility that specific 
inhibition of pre-mRNA splicing in the envelope protein coding region by HIV-1 
trans-regulatory factors might be one control mechanism for efficient production of 
structural viral proteins and virion assembly. 

T HE HUMAN IMMUNODEFICIENCY 

virus type 1 (HIV-1) contains, in 
addition to genesgag, pol, and env, at 

least five other genes termed vif; vpv, nt$ tat- 
3, and rev (1). The tat-3 and vev genes are 
essential for virus expression (2-lo), but 
their precise functions remain to be defined. 
The tat-3 gene codes for a protein of 86 
amino acids (9 ,  10) that interacts directly or 

\ .  f 

indirectly with sequences located down- 
stream from the HIV-1 initiation site for 
transcri~tion (TAR element) (1 1). Several 

, \ ,  

studies with viral deletion mutants suggest 
that tat-3 is required for translation of viral 
mRNAs (8, 12); it appears to function by 
increasing the steady-state level of mRNA 
by direct transcriptional activation (3, 13), 
antitermination (14), or mRNA stabiliza- 
tion (3-5, 15). The product of the vev gene is 
a protein of 116 amino acids (2, 7, 8, 10). It 
may also operate at several levels, it may 
relieve a trkslational block of gag and env - - 
proteins (7), affecting the relative abundance 
of viral mRNAs (8), and it may also have a 
negative trans-regulatory role in transcrip- 
tion (16). Feinberg et al. (8) reported an 
abnormal pattern of HIV- 1 viral mRNAs in 
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monkey (COS) cells transfected with vev- 
defective mutants. The levels of the 9-kb 
(yaglpol) and 4.3-kb (env) mRNAs were 
very low and that of the 2-kb (tat-31vev) 

Eco R I  Barn H I  

B 
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8052 ..... I 

303 + \&lntron- ~ x o n  2 
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,399\ + 
Spliced RNA 

Fig. 1. Cloning of HIV-env DNA into SP65 
vectors. (A) The HIV-1 DNA Eco RI-Barn HI 
fragment (nucleotides 5323 to 8052) was cloned 
into the SP65 vector. This DNA was isolated and 
sequences between Kpn I-Bgl I1 (5927 to 7198) 
were deleted. (8) The expected RNAs from in 
vitro splicing of SP65IHIV pre-mRNA tran- 
scribed from the D-env DNA linearized at the 
Barn HI site (line with stippled box) are schemati- 
cally represented. The numbers above the lines 
represent the nucleotide length of the RNAs. 
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