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Fig. 3 Expression of CD4 increases response to low doses of

Daudi. Assays were carried out as described in Table 1. Data

shown are from a representative experiment of three experiments
that were carried out: 16M-9 (O), 16T4-3 (A), 16T4-9 (0).

on the 16M-9 and 16T4-9 cell lines. Antibody titration experi-
ments carried out on these cell lines in parallel with the CD4
(L3T4)-dependent T-cell hybridoma 3DT52.5'® showed that
1,000 ng ml~! of GK1.5 was more than tenfold in excess of the
amount of antibody needed to inhibit the function of 3DT52.5
completely when stimulated with A20 (data not shown). These
data suggest that if the murine CD4 expressed by the murine
T-cell hybridomas is functional, it does not contribute substan-
tially to the enhancement of responsiveness observed by the
human CD4-expressing cell lines. The ability of antibodies to
the human CD4 molecule to block the function of the CD4-
expressing lines is not due to nonspecific steric effects of anti-
bodies bound to the cell surface as antibodies to H-2 class 1
(M142)*° and Thy 1.1 (22.1)*, both of which are expressed at
higher densities than CD4 on all cell lines studied, had no
significant effect on their function (data not shown). By155.16
has also been infected with a retroviral vector capable of impart-
ing CD8 (T8) expression. The CD8-expressing lines isolated
were found to produce approximately the same amount of IL-2
in response to the Daudi cell line as does 16M-9 (S. Ratnofsky,
et al., manuscript in preparation). Thus, the enhanced respon-
siveness of the CD4-expressing lines is not simply due to an
aberrant effect caused by the expression of foreign cell-surface
protein in these cells.

It has been postulated that the increased avidity between the
T cell and stimulator cell and/or the intracellular signal mediated
by CD4 may be critical to T-cell responsiveness under conditions
of suboptimal antigen. We investigated the effect of CD4 under
conditions of suboptimal antigen by looking at the ability of
the infectants to respond to limiting numbers of Daudi cells. In
this case the level of antigen expressed on a single stimulator
cell is not altered, but the probability that a stimulator cell will
meet a T cell is decreased. Therefore, any alteration in the T
cell that increases its ability to be activated should result in a
greater response at lower levels of stimulator cells. Cell lines
16T4-3 and 16T4-9 respond better than 16M-9 to levels of Daudi
cells ranging from 10* to 10%; 16T4-9 produces as much IL-2 in
response to 10* Daudi cells as 16M-9 produces to 3 x 10° Daudi
cells (Fig. 3). These data suggest that the expression of CD4 by
the parent line By155.16 allows a response to 30-fold fewer
stimulator cells.

The data presented here demonstrate that CD4 is capable of
enhancing T-cell reponsiveness and may play a critical role in
T-cell activation under conditions of suboptimal antigen stimu-
lation.
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Genetic evidence that zinc is an
essential co-factor in the DNA
binding domain of GAL4 protein
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The ‘cysteine-zinc DNA binding finger’ is a recently identified
sequence motif that is present in a wide variety of transcriptional
regulatory proteins and is thought to be directly involved in DNA
binding'. It has been proposed that an essential component of this
structure is a zinc ion bound between two pairs of cysteine residues.
The GAL4-encoded protein of Saccharomyces cerevisiae, which
binds to DNA and activates the transcription of several genes,
contains this sequence motif. Here I describe a gal4 mutant with
an alteration in the cysteine-zinc DNA binding finger whose defect
is corrected in vivo by high concentrations of ZnCl,. The DNA
binding activity of the altered protein from this mutant is restored
by ZnCl, in vitro. This is evidence that the GALA4 protein indeed
contains zinc ions essential for its DNA binding activity.

It has been proposed that the ‘zinc binding finger’ contains
a zinc ion bound between two pairs of cysteine (or histidine)
residues (see Fig. 1a). The amino acids between the two pairs
of cysteines (or histidines) are thought to form a loop or ‘finger’
of protein that contacts DNA. This hypothesis was initially
suggested by the observation that the RNA polymerase III
transcription factor A (TFIIIA) of Xenopus laevis®, which binds
to both DNA and RNA, contains nine zinc binding finger motifs
and approximately nine bound zinc ions®.

The wide variety of DNA binding proteins that contain the
proposed zinc binding finger include several transcriptional
regulatory proteins from the yeast S. cerevisiae and one from
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to amino-acid position 32 of the 881-amino-acid protein®. b, Sequences of the proposed zinc binding fingers of five fungal transcriptional
regulatory proteins. Boxes, the four cysteine residues thought to be involved in zinc bmdlng Bottom line, consensus sequence of the five
proteins (Pho, hydrophobic amino acid; X, any amino acid). Bold face capital letters, amino acids that are identical in all five proteins. The
numbers below the consensus sequence is the number of proteins that particular amino acid appears in. The proteins are: GAL4-encoded

protem of S. cerevisiae*;

LAC9-encoded protein of the yeast Kluyveromyces lactis, which is functlonally homologous to GAL4-encoded
protein®; PPRI-encoded protein of S. cerevisiae, which activates transcnpnon of several URA genes®;

ARGR2-encoded protein of S. cerevisiae,

which represses or induces several genes of arginine metabolism’; ga-1f-encoded protein of N. crassa, which activates transcription of several

genes involved in quinic acid utilization®.

the filamentous fungus Neurospora crassa*®. The sequences of
the proposed DNA binding domains in these proteins are shown
in Fig. 1b. The consensus sequence (at the bottom of Fig. 1b)
shows that these proteins are highly similar in this region. We
have previously presented evidence that this region of the GAL4
protein is essential for its DNA binding activity: several muta-
tions that alter amino acids in the zinc binding finger prevent
transcription activation in vivo and DNA binding in vitro®. Here
I present evidence that zinc ions are essential for the function
of this region of the GAL4 protein.

One mutation that inactivates the GAL4-encoded protein
(Pro 26 - Leu) alters the proline residue located two amino acids
before the second pair of cysteines that are thought to be
responsible for zinc binding (see Fig. 1a). This proline residue
is conserved in all five proteins whose sequences are shown in
Fig. 1b. A yeast strain carrying this gal4 mutation is Gal~, unable
to grow on media containing galactose as the sole carbon source.

Fig. 2 a, Stimulation of growth of 1
a yeast gal4 mutant strain by ZnCl,
on media with galactose as the sole
carbon source. The strain plated
(YMB841) contains a deletion of the
chromosomal GAL4 gene, and a
yeast centromere plasmid that carries
a gal4 gene with the Pro26- Leu
(CCG~> CTG) mutation. The strain
and the gald-containing plasmid
have been described previously®.
(Identical results were obtained
using a Pro 26> Leu mutant with a
different sequence change (YM1266,
CCG-> TTG)). Cells were grown in
YPD media, and ~10’ cells were
overlaid in soft agar on minimal
plates (containing the required
amino acids) with galactose as the
sole carbon source (for yeast growth
media see ref. 11). A few crystals of
ZnCl, (Aldrich) were placed on the
surface of the plate where indicated,
after which the plate was incubated
at 30 °C for 2.5 days. Similar results
were obtained with ZnSO, and zinc

ZnCI2

Remarkably, increased concentrations of Zn** seem to correct
the mutant phenotype: growth of the mutant on Petri plates
containing galactose media is stimulated around crystals of
ZnCl, placed on the surface of the plate (Fig. 2a). The ability
of zinc to correct the growth defect is specific for the Pro 26 > Leu
mutation: the growth of 13 other gal4 mutants with different
alterations in or near the zinc binding finger is not stimulated
by ZnCl, (Fig. 2b and legend). The correction of the mutant
phenotype is also specific to zinc: several other divalent cations
are ineffective in stimulating growth of the Pro 26 - Leu mutant
on galactose (see Fig. 2 legend). This suggests that the Pro 26 >
Leu mutation generates a protein that is non-functional because
of its reduced affinity for zinc. ,

The ability of zinc to correct the DNA binding defect of the
Pro 26 > Leu mutant protein was also measured in vitro. The
mutant protein was expressed in Escherichia coli and the DNA
binding activity of the GAL4 protein in extracts of these cells

ZnCl,

acetate. Growth of this mutant is not stimulated by CaCl,, MgCl,, NiCl,, CdCl,, CoCl,, FeSO,, CuSO,, MnSO, or NaCl. b, Inability of
ZnCl, to stimulate growth of the Leu 32 - Pro gal4 mutant. Strain YM1188 (CTG -» CCG) was treated as described above. Similar results were
obtained with 13 other gal4 mutations® that alter amino acids in and adjacent to the zinc binding finger.
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Fig. 3 a, Correction of the DNA binding defect of the Pro 26 >
Leu mutant protein by ZnCl, in vitro. Circles, plus zinc; squares,
minus zinc; solid lines, **P-labelled DNA containing GAL4 protein
binding sites was used in the assay; dashed lines, DNA lacking
GAL4 binding sites was used. b, Effect of ZnCl, on the DNA
binding activity of extracts containing wild-type GAL4-encoded
protein. Extracts of E. coli cells expressing wild-type protein were
made and assayed for DNA binding activity as described above.
¢, Inability of ZnCl, to correct the DNA binding defect of the
Leu 32 > Pro mutant protein in vitro. Extracts of the mutant protein
expressed in E. coli were made and assayed as described opposite.
Similar results were obtained for a different mutant protein not
corrected by zinc, Lys 17> Glu (data not shown).

Methods. The altered protein was expressed in E. coli cells from
the tac promoter as described previously®. Cells were grown in L
broth at 37 °C to an ODy, of ~0.7, IPTG (isopropyl B8-D-thio-
galactopyranoside) was added to a final concentration of 1 mM
(to induce expression from the tac promoter) either with or without
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0.1 mM (final concentration) ZnCl,. Two hours later cells were harvested and lysed by sonication (10 bursts of 2 s, each followed by 10s of
cooling) in 1/100 volume of buffer D[200] either with or without 2mM ZnCl,. (Buffer D is 25 mM Tris pH 7.5, 5mM MgCl,, 1 mM EDTA,
12 mM 2-mercaptoethanol, 10% (w/v) glycerol. The number in square brackets is the KCl concentration in mM.) Cleared lysates, prepared
by centrifugation in a Sorval $S34 rotor for 3 h at 15,000 r.p.m., were frozen in liquid N, and stored at —80 °C. Protein concentration of the
extracts (usually ~20 mg ml™') was determined by the method of Bradford'2, The DNA binding activity of the extracts was determined by a
nitrocellulose filter binding assay'® using buffer D[50] either in the presence or absence of 2 mM ZnCl,, essentially as described previously®.
Values are the proportion of *?P-labelled DNA that is bound to the filters (%) as a function of extract protein added to the assay. Solid lines,
pBM992 (ref. 9), consisting of pUC18 +the GALI-10 control region, which contains 4 binding sites for the GAL4-encoded protein'>!#; dotted

lines, pUCI18.

was assayed by a nitrocellulose filter binding assay'’, as
described previously’. Figure 3a shows that GAL4 protein from
the Pro 26 > Leu mutant has substantial DNA binding activity
when extracts of E. coli cells, induced for GAL4 expression in
the presence of ZnCl,, are made in bufler containing ZnCl, and
assayed in the presence of ZnCl,; extracts made and assayed
without added ZnCl, have negligible DNA binding activity. The
DNA binding activity of wild-type protein is unaffected by the
presence of ZnCl, (Fig. 3b); ZnCl, has no effect on the in vitro
DNA binding activity of GAL4 protein from a mutant whose
growth defect is not corrected by zinc (Fig. 3¢). These results
strengthen the conclusion that the zinc binding finger of GAL4-
encoded protein indeed contains zinc ions that are essential for
its DNA binding activity. They also imply that sequences similar
to the zinc binding finger of GAL4 protein in other DNA binding
and transcriptional regulatory proteins are indeed zinc-
containing DNA-binding domains.

Our results suggest that a GAL4 protein containing leucine
instead of proline at position 26 binds zinc less readily than
wild-type protein. It is not unreasonable to imagine that this
proline residue causes a bend in the protein that brings the two
pairs of cysteine residues close enough together to chelate a
zinc ion. The protein that does not have this bend (Pro 26 > Leu)
might have a lower affinity for zinc because close apposition of
the pairs of cysteines is less favourable. We expect to find other
gal4 mutations that are corrected by high concentrations of zinc;

their analysis is likely to lend insight into the structure and
function of the zinc binding finger. The analysis of zinc-remedial
mutants provides a powerful tool for elucidating the structure
and function of the zinc binding finger that complements infor-
mation obtained from sequence homology searches. Further-
more, this genetic approach could be used to identify genes
encoding other zinc-containing proteins whose sequences are
presently unknown.

I thank my colleagues Athanasios Theologis, David Schlessin-
ger, Bob Waterston, Don Moerman, John Majors, Maynard
Olson, Peter Burgers and Jim Dover for helpful suggestions.
This work was supported by a grant from the N.I.H. M.J. is an
Established Investigator of the American Heart Association.

Received 2 April; accepted 29 May 1987.

. Berg, J. Science 232, 485-487 (1986).

Ginsberg, A. M., King, B. O. & Roeder, R. G. Cell 39, 479-489 (1984).

. Miller, J., McLachlan, A. D. & Kiug, A. EMBO J. 4, 1609-1614 (1985).
Laughon, A. & Gesteland, R. F. Molec. cell. Biol. 4, 260-267 (1984).

. Salmeron, J. M. Jr & Johnston, S. A. Nucleic Acids Res. 14, 7767-7781 (1986).
Kammerer, B., Guyonvarch, A. & Hubert, J. C. J. molec. Biol 180, 239-250 (1984).
. Messenguy, R., Dubois, E. & Descamps, F. Eur. J. Biochem. 157, 77-81 (1986).
. Baum, J. A,, Geever, R. & Giles, N. H. Molec. cell. Biol. 7, 1256-1266 (1987).

. Johnston, M. & Dover, J. Proc. natn. Acad. Sci. U.S.A. 84, 2401 (1987).

. Riggs, A. D., Suzuki, H. & Bourgeois, S. J. molec. Biol. 48, 67-83 (1970).

. Johnston, M. & Davis, R. W. Molec. cell. Biol. 4, 1440-1448 (1984).

. Bradford, M. M. Analyt. Biochem. 72, 248-254 (1976).

. Bram, R. & Kornberg, R. Proc. natn. Acad. Sci, U.S.A. 82, 43-47 (1985).

. Giniger, E., Varnum, S. & Ptashne, M. Cell 40, 767-774 (1985).

._.
SOENPUR W~

— o e
EREYTE—

© 1987 Nature Publishing Group



