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ABSTRACT Trans-activation by the adenovirus ElA
289R protein requires a zinc finger defined by Cys-154, Cys-
157, Cys-171, and Cys-174. Whereas individually replacing the
four cysteine residues with serines resulted in a loss of trans-
activation, only three of the Cys -> Ser mutants (C157S,
C171S, and C174S) lost the ability to bind Zn(H). X-ray
absorption fine structure analysis revealed that, in the wild-
type protein, Zn(II) is coordinated by four cysteine residues
whereas in the C154S mutant, Zn(ll) is coordinated by two
histidines and two cysteines. The mutant protein probably
retains, as ligands, two cysteines on the right side of the zinc
finger (Cys-171 and Cys-174) and recruits two of the four
histidines on the left side (His-149, His-152, His-158, and
His-160), despite the presence of Cys-157. This finding may
shed light on the general structural requirements of zinc
fingers.

Zinc fingers represent a class of eukaryotic DNA binding
structures found in a variety of gene regulatory proteins,
typically occurring as tandem repeats. There are two major
types of zinc finger, C2H2 and C4, which are formed by the
folding of a 20- to 30-amino acid region around a single zinc
ion coordinated by two cysteines and two histidines or by
four cysteines, respectively (1, 2). Mutational analyses of
many zinc fingers have demonstrated their importance in
transcriptional regulation (3-7). Physical analyses ofa limited
number of these proteins have confirmed that the predicted
metal-binding ligands indeed coordinate Zn(II) (8-12) and,
for the yeast ADR1, Xenopus Xfin, and rat glucocorticoid
receptor proteins, three-dimensional finger structures have
been obtained through nuclear magnetic resonance (13-15).
The adenovirus ElA 289R protein trans-activates early

viral promoters (16, 17) and some cellular promoters (18, 19).
Although the ability to bind DNA has been definitively
demonstrated for several zinc finger proteins [e.g., TFIIIA
(20), SP1 (21), ADR1 (22), SW15 (23), and the glucocorticoid
receptor (24)], the ElA 289R protein does not bind to DNA
in a sequence-specific manner (25, 26). However, the ElA
zinc finger, which resides within a conserved stretch of 46
amino acids, is required for the trans-activating function
(27-29). Although the mechanism by which the 289R protein
trans-activates ElA-inducible promoters is unclear, there is
strong evidence suggesting that ElA acts through cellular
transcription factors (30-35). Moreover, there is convincing
genetic evidence that the ElA zinc finger itself binds a
cellular factor (53).
The ElA 289R protein contains a predicted C4 zinc finger

motif, C154-X2-C157-X13-C171-X2-C174 (36). The four cysteines
were implicated in metal coordination, since (i) the binding of

a single zinc ion was mapped to the trans-activdting domain
and (ii) individually replacing each cysteine with glycine
destroyed trans-activation (37). The more conservative Cys-
154 -- Ser substitution (C154S) also resulted in loss of
trans-activation (37). We predicted that if these cysteine
residues were bona fide ligands, then the mutant proteins
would not bind Zn(II). Surprisingly, the purified C154S
protein produced in a bacterial expression system binds one
Zn(II) as tightly as the wild-type 289R protein (37). This
called into question the identity of the exact wild-type
ligands.
The results presented here support the hypothesis that the

predicted C4 finger structure in the ElA trans-activating
domain is indeed the Zn(II) binding site. Furthermore, we
show that the ability of the C154S protein to bind zinc results
from the recruitment of two histidines in place of two
normally used ligands (Cys-157 and Cys-154), creating an
H2C2 zinc finger. These results verify that ElA trans-
activation requires a specific C4 zinc finger structure.

MATERIALS AND METHODS
Plasmids and Transfections. The wild-type ElA plasmid

pSK-ElA was constructed by subcloning the EcoRI-Kpn I
fragment of the 13S cDNA eukaryotic expression plasmid
pJN20 (38) into the polylinker site of the pBluescript SK(-)
(Stratagene). The p3CAT plasmid contains the chloramphen-
icol acetyltransferase (CAT) gene driven by the E3 promoter
ofadenovirus 5 (39). HeLa cells were cotransfected with ElA
plasmids and the reporter plasmid p3CAT, as described (27).
Cells were harvested after 40 hr and extracts were assayed for
CAT activity as described (40).

Mutagenesis. Oligonucleotide-directed mutagenesis was
performed using Amersham mutagenesis reagents by the
method of Nakamaye and Eckstein (41). Mutants C154S,
C157S, C171S, and C174S were generated by changing
codons 154 (TGC to AGC), 157 (TGT to TCT), 171 (TGT to
TCT), and 174 (TGC to TCC), respectively. Mutations were
verified by DNA sequencing (42).

Overexpression of ElA Proteins in Escherichia coli. For
expression of full-length proteins in bacteria, the 216-base-
pair Sma I-Xba I fragments of the pSK-ElA mutants were
subcloned into the ElA bacterial expression vector pAS1-
ElA410 (43). The proteins were overexpressed in E. coli
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AR120, purified to near homogeneity, charged with Zn(II),
and analyzed for Zn(II) content using a Perkin-Elmer model
4000 atomic absorption spectrophotometer equipped with a

HGA 400 graphite furnace as described (37).
X-Ray Absorption. Proteins for x-ray absorption fine struc-

ture (XAFS) measurement were purified and charged with
Zn(II) in the manner described for atomic absorption experi-
ments (37). Proteins were made -1.0 mM, final concentration,
by repeated centrifugations at 1500 x g, 40C in an Amicon
Centriprep-30 and at 300 x g, 250C in a Centricon-30. To
prevent protein aggregation in the Centricon-30 as the final
concentration was approached, the protein gradient was dis-
rupted by pipetting after each 10-min centrifugation. Protein
concentrations were determined using the method of Bradford
(44). X-ray absorption experiments were carried out on Beam-
line X9-A of the National Synchrotron Light Source at
Brookhaven National Laboratory with a constant exit height
double crystal monochromator with Si(111) crystals. A nickel-
coated mirror was used to reject the third-order harmonics by
adjusting the angle of the mirror relative to the incident beam.
A 13-element intrinsic Ge detector was used to detect the
Zn(II)Ka fluorescence from the sample generated by the ab-
sorption of the x-ray beam. Series of scans were collected for
both the C154S mutant and the wild-type proteins at a sample
temperature of 130 K, for a total ofseveral million signal counts.
XAFS data for model compounds were also collected in the
fluorescence mode using both the Ge detector and an ionization
chamber (Stern/Heald type). ZnS was ground, sieved (400
mesh), and spread uniformly onto Scotch tape for the measure-
ment. [Zn(NH3)4]2+, hereafter referred to as Zn(NH3)4, was
made by dissolving Zn(NO3)2 in distilled water, precipitating
Zn(OH)2 with 5% (wt/vol) ammonium hydroxide, and dissolv-
ing the precipitate in 30%o (wt/vol) ammonium hydride. The
[Zn(Im)4](Cl04)2 complex, hereafter referred to as Zn(Im)4
(where Im is imidazole), was prepared by combining Zn(CI04)2
with a 6-fold excess of Im. The concentrations of the solution
model compound [namely, Zn(NH3)4 and Zn(Im)4] used for
XAFS measurement were between 10 mM and 15 mM.

RESULTS AND DISCUSSION
To resolve to what extent the ElA consensus finger sequence
is involved in Zn(II) binding, we individually substituted
serine for three cysteine residues (Cys-157, Cys-171, and
Cys-174), as was done for Cys-154 (37) (Fig. 1) and tested
each mutant protein for its ability to trans-activate and bind
Zn(II). Site-directed mutagenesis was performed on a plas-
mid containing an ElA promoter-driven cDNA, pSK-ElA,
that encodes the ElA 289R protein. These mutants were
tested for their ability to trans-activate the ElA-inducible E3
promoter linked to the CAT reporter gene after transient
plasmid cotransfection into HeLa cells. Like C154S (37),
these conservative substitutions destroyed trans-activation
(Table 1). Western blot analysis confirmed that similar
amounts of the mutant and wild-type ElA proteins were

synthesized in the transiently transfected HeLa cells (data
not shown). Therefore, the lack of trans-activation by any of
the mutant proteins could not be attributed to decreased
polypeptide stability.

Since C154S fails to trans-activate, yet binds Zn(II) as

tightly as the wild-type protein (37), we asked whether the
other trans-activation-defective mutants C157S, C171S, and
C174S would retain the ability to bind Zn(II). We cloned
these mutated ElA sequences into the bacterial expression
plasmid pAS1-ElA410. Mutant ElA proteins were overex-
pressed in E. coli and purified to near homogeneity, and the
Zn(II) content was determined by atomic absorption spec-

trophotometry. In contrast to wild-type ElA and C154S, the
following are not able to bind Zn(II): C157S, C171S, and
C174S (Table 1). Since histidine can also bind Zn(II), a likely
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FIG. 1. Schematic representation of the ElA zinc finger structure
and the effects of individual Cys -. Ser substitutions. The trans-
activating region of adenovirus 5 ElA (residues 140-188) is shown.
All four Cys -* Ser mutants fail to trans-activate, TA(-), and fail to
bind zinc, Zn(-), except for C154S, which binds zinc, Zn(+). The
XAFS data indicate that Zn(II) in the wild-type protein is bound by
the four highlighted cysteines whereas in C154S Zn(II) is bound by
two cysteines and two histidines. This coordination by the C154S
protein probably involves two of the four circled histidines and
Cys-171 and Cys-174.

explanation for Zn(II) binding to C154S may lie in the
potential of neighboring histidines (His-149, His-152, His-
158, and His-160) to function as alternate ligands. On the
other hand, the actual zinc ligands in the wild-type 289R
protein may be different from the predicted ligands [i.e.,
instead of Cys-154, the following may bind Zn(II) in con-
junction with C157S, C171S, and C174S: His-149, His-152,
His-158, and His-160]. To resolve these possibilities, we
performed XAFS experiments on both the wild-type and the
mutant C154S ElA proteins. XAFS can reveal both the types
and the number of atoms involved in metal coordination.
The XAFS data were analyzed by the standard procedure

(45-47). Fig. 2A shows the XAFS X(k) data for the wild-type
and C154S mutant ElA after E (energy) to k (photoelectron
wave number) conversion, atomic background subtraction,
and normalization. Fig. 2B shows the Fourier transform of
the X data between 1 and 12 A1 in k-space. The contribution
of the first coordination shell of Zn(II) was isolated using an
R-space window 1.6 A wide. The data show a clear distinc-
tion between the wild-type and the mutant proteins.
The single-shell data were quantitatively analyzed using

the least-squares fitting method. Since sulfur and nitrogen
bind Zn(II) at distinct distances, models can be designed that
correspond to different ligand combinations. Therefore, one

Table 1. Analysis of function and Zn(II) content of mutant
ElA proteins

ElA protein Trans-activation Zn(II) content

Wild type 1.0 0.96*
C154S <0.1 1.04*
C157S <0.1 0.05
C171S <0.1 0.05
C174S <0.1 0.05

HeLa cells were cotransfected with ElA plasmids and the reporter
plasmid p3CAT. Cell extracts were assayed for CAT activity 40 hr
after transfection. Wild-type activity is arbitrarily defined as 1.0.
Zn(II) content values represent mol ofZn(II) per mol ofprotein; error
values for wild-type and C154S were +0.1 and for C157S, C171S, and
C174S were ±0.05. Proteins were overexpressed in E. coli AR120,
purified to near homogeneity, charged with Zn(II), and analyzed by
atomic absorption spectrophotometry.
*Values for the zinc content of the wild-type and the C154S proteins
have been reported (37).
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Table 2. Fitting results for various models for the first shell of
ElA proteins

ElA protein Model Atom N R, A -2, A2 Q status

Wild type 1 S 4.2 (5) 2.34 (1) 0.000 0.6
2 S 3 2.34 -0.002

N 1 2.01 0.015 3.0
C154S mutant 1 S 2 2.33 (2) -0.001

N 2 2.01 (2) -0.001 1.1
2 S 3 2.32 0.002

N 1 2.00 -0.004 2.3

Values in the parentheses are the error in the last digit.

Zn(II) in the wild-type ElA protein contains 4.2 + 0.5 sulfur
atoms at a distance of 2.34 A. This is consistent with the
hypothesis that the Zn(II) is bound by four cysteines. For the
mutant ElA protein, however, a single distance fit was not
sufficient and the experimental data were best fit with two
nitrogens located at 2.01 0.02 A and two sulfurs at 2.33 +

0.02 A (Fig. 3B). Fitting with three sulfurs and one nitrogen
increased the Q value (Table 2), making the fit unacceptable.
We verified the fitting results by using the "splice" method

(refs. 50 and 51; E. A. Stem, personal communication) to
generate the radial distribution function (RDF) around the

1.0

FIG. 2. Zn K-edge XAFS raw data (A) and its Fourier transform
(B) of wild-type ElA protein and mutant C154S ElA proteins. The
wild-type protein is represented by a solid line and the mutant protein
by a dashed line. The XAFS data are plotted as K3X(k), where x(k)
is obtained by removing the atomic absorption background from the
absorption spectra with a cubic spline fit, converting from energy
space to k-space and normalizing with a constant edge step. The
Fourier transform was performed from 1 to 12 A-'. The first
coordination shell was isolated by inverse Fourier transform with a

window from 0.8 to 2.4 A in R-space.

and two distance models were used in which the coordination
numbers, the distances, and the Debye-Waller factors could
be varied. The fitting was performed between 1.8 and 10 A-
in k-space for both the wild-type and the mutant proteins.
This gives about eight degrees of freedom in the data range

(48). The quality of a fit, Q, can be measured (49) as follows:
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where of is the combined phase and amplitude error of the fit
at point i, and ori is the error introduced by the measurement
and data analysis procedure. &y can be estimated from the
variation of different scans of measurement and the non-
transferability error of the standards from analysis of model
compounds of known structure. N is the independent data
points included within the data range to be modeled (48), and
P is the number of parameters used in the fit. A fit with Q
value less than or close to unity can be accepted; otherwise,
it is rejected. This fitting criterion (49), which incorporates
the variation of statistical and systematic errors in k-space
and the number of degrees of freedom in the data range, was
used to distinguish between the fitting models.
The results for the best fits and the Q values of the

wild-type and the mutant proteins are presented in Table 2,
along with the fitting results of other possible models. The
wild-type ElA data were adequately fitted by the single
distance model (Fig. 3A). Inclusion of both sulfur and nitro-
gen atoms in the fit increased the Q value, making the fit
unacceptable according to the criterion. The first shell of
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FIG. 3. Least-squares fitting results. (A) First-shell x(k) data of
the wild-type ElA protein (solid line) compared with the single
distance fit using ZnS as model compound (dashed line). The data can
be adequately fitted with 4.2 + 0.5 sulfur atoms at a distance of 2.34

0.02 A from the Zn(lI). (B) First-shell x(k) data (solid line) of the
C154S mutant protein compared with the two distance fit (dashed
line) using ZnS and Zn(Im)4 or Zn(NH3)4 as sulfur and nitrogen model
compounds, respectively. The data were fitted with two sulfurs at
2.33 ± 0.02 A and two nitrogens at 2.02 ± 0.02 A.
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of the distributions, which are proportional to the coordina-
A tion numbers, is about 1.1 between the wild-type ElA and

ZnS, indicating that four sulfurs are the first-shell ligands.
The central position of the distribution is 2.34 A, consistent
with the fitting results.
The RDF cannot be generated automatically for the mu-

tant, since the first coordination shell is a mixture of two
kinds of atoms. However, the RDF of nitrogen in the first
shell can be obtained if the contribution of Zn(II)-S pairs is
subtracted out. Fig. 4B shows the RDFs of the mutant ElA
protein with one, two, and three Zn(II)-S pair contribution
subtracted out, compared with the RDF of model compound

-~,/\__ _ 1 Zn(NH3)4. Two nitrogens (+0.1) were found in the first shell
with an average distance of 2.02 A in all three cases. The two

,,,,I,,,, I,,,, I,,,, I,,,, I,,,, distributions corresponding to subtractions of one and three
1 1.5 2 2.5 3 3.5 4 Zn(II)-S pairs have a trough or peak, respectively, located at

about 2.4 A, and the distribution for the subtraction of two
Zn(II)-S pairs has a peak at about 2.6 A. The trough or peak

B located at 2.4 A can be attributed to under- or oversubtraction
of Zn(II)-S contributions (Fig. 4). On the other hand, the
subtraction of two Zn(II-S pairs is adequate, due to the
disappearance of the 2.4-A peak or trough. The smaller peak
at 2.6 A evident in the subtraction of the two Zn(II)-S pairs
is presumably due to neighboring atoms that were included in
the back transform window. Indeed, the same peak occurs
for the RDF of Zn(Im)4 using the same back transform
window. The RDF analysis shows that the zinc ion in the
C154S protein is bound to two nitrogens and two sulfurs,
confirming the fitting results.
The contribution of the y-carbon and 31-nitrogen of the

histidine located 4.2 A from the metal site is enhanced about
1 1.5 2 2.5 3 3.5 3-fold due to the focusing effect (52). The higher coordination

shell was analyzed for evidence of histidine ligands. This
R. A contribution was isolated using a back transform window of

2.8-4.2 A and compared with the zinc Im model compound.RDF results. (A) The RDF of the wild-type protein As shw vnFg ,temtn aacudb itdwt
using the "splice" method is shown as the solid line, which As shown in Fig. 5, the mutant data could be fitted with 2
ed with the RDF of ZnS (dashed line) generated from the (±0.4) Im contributions (one y-carbon and one a,-nitrogen
ucture. The RDF is consistent with the fitting results. The each) at an average distance 0.04 A greater than in the model
in was artificially broadened by a Gaussian factor of o2 = compound. This is consistent with the finding that two
to reduce the truncation ripple due to lack of high k histidines are in the first coordination sphere of the zinc ion.
n. (B) The RDF was generated by subtracting out one There are two major classes of zinc fingers in regulatory
tted line), two sulfur (solid line), and three sulfur (dot- proteins, C4 and C2H2. Our results show definitively that ElA
e) contributions, compared with the known distribution of is a C4 type finger. Whereas individual replacement of the
(dashed line). The trough or peak at 2.4 A for the four cysteines with serine destroys trans-activation, the
ns of one and three Zn(II-S pairs, which is close to the * * * *iOfZn(II)-S pair, is probably due to under- or oversubtrac- C154S protein is unique in that it retains the ability to bind
i(II)-S pairs. Since the backscattering phase difference Zn(II) (37). Because there are neighboring histidines only on
iitrogen and sulfur is about ir, undersubtraction will make the amino-terminal side of the ElA zinc finger (Fig. 1) that

a trough when dividing by the nitrogen model; oversubtraction will
make a peak. The RDF data indicate that the model with two sulfurs
and two nitrogens as the first neighbors is correct. To minimize
truncation effects, the distributions were artificially broadened by a
Gaussian factor of o2 = 0.02 A2.

zinc ion. This method, which is not widely known, has the
advantage over the least-squares fitting method of not re-
quiring an assumed form for the distribution of atoms.
Briefly, the backscattering amplitude and the central and
backscattering phase are removed by taking the amplitude
ratio and phase difference between the filtered XAFS x(k)
function of the unknown and an appropriate model. The
amplitude ratio and the phase difference are then extrapo-
lated through the low k (electron wave number) region using
the cumulant expansion (47). The RDF is obtained by invert-
ing the data with a Fourier transform with a Gaussian
damping factor to minimize artifacts from truncating the data
at high k. Artificial broadening of the RDF occurs as a
side-effect of this truncation.
The RDF generated for the wild-type ElA protein is

compared with RDF of ZnS in Fig. 4A. The ratio of the areas

<
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k, A-'
10

FIG. 5. XAFS x(k) data of the third shell of the mutant protein
(solid line) and its fit (dashed line). The contribution was isolated
between 2.8 and 4.2 A in the Fourier transform as in Fig. 2. The signal
is due to y-carbon and A1-nitrogen of the Im ring and is enhanced by
the focusing effect. Zn(Im)4 was used as the model compound. The
third-shell mutant data can be fitted to two Im rings at a slightly
greater distance (=0.04 A) than in the model.
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could functionally substitute for Cys-154, it was anticipated
that the mutant ElA protein would have an HC157C2 or a
C157HC2 structure. Instead, the mutant protein was con-
verted to an H2C2 finger. Zn(II) is probably no longer bound
to Cys-157, while the binding of Zn(II) to Cys-171 and
Cys-174 is retained. Thus, it appears that the single amino
acid substitution in C154S results in the abandonment of one
of the normal ligands (Cys-157) and the recruitment of two
nearby histidines that are otherwise not Zn(II) ligands in
ElA. It is clear from these studies that, for trans-activation
to occur, Zn(II) must be bound by ElA in a precise manner.
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