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ABSTRACT A C-terminal segment of the yeast activator
Gal4 manifests two functions: When tethered to DNA, it elicits
gene activation, and it binds the inhibitor Gal80. Here we
examine the effects on these two functions of cysteine and
proline substitutions. We find that, although certain cysteine
substitutions diminish interaction with Gal80, those substi-
tutions have little effect on the activating function in vive and
interaction with TATA box-binding protein (TBP) in vitro.
Proline substitutions introduced near residues critical for
Gal80 binding abolish that interaction but once again have no
effect on the activating function. Crosslinking experiments
show that a defined position in the activating peptide is in
close proximity to TBP and Gal80 in the two separate reac-
tions and show that binding of the inhibitor blocks binding to
TBP. Thus, the same stretch of amino acids are involved in two
quite different protein—protein interactions: binding to Gal80,
which depends on a precise sequence and the formation of a
defined secondary structure, or interactions with the tran-
scriptional machinery in vivo, which are not impaired by
perturbations of either sequence or structure.

Activating regions are defined as peptides that confer on a
DNA binding domain the ability to activate transcription when
bound near a gene (1). Several lines of evidence show that
activating regions touch targets in the transcriptional machin-
ery (2-10). In several instances, such interactions, provided the
activating region is tethered to DNA, help bring the machinery
to a nearby promoter, where transcription then initiates (1).
The precise compositional and sequence requirements to
constitute an activating region are not known. Activating
regions evidently are not structured in the absence of their
interacting partners (11, 12). Recent experiments suggest,
however, that various activating regions are induced to fold
into amphipathic alpha helices when bound to their interacting
partners (13-17).

The yeast activator Gal4, a protein of 881 amino acids,
activates genes whose products are required for the metabo-
lism of galactose (18). When cells are grown under noninduc-
ing conditions—in the presence of raffinose, for example—
Gal4 binds DNA but is prevented from activating transcription
by the inhibitor Gal80. Growth of cells in galactose frees Gal4
from the inhibitory effects of Gal80 (18, 19).

A series of experiments, taken together, indicate that Gal4
residues 855-870, in the context of a slightly larger peptide,
play an especially important role in two functions: transcrip-
tional activation and sensitivity to Gal80. Thus, Ma and
Ptashne showed that a region comprising the carboxyl 100
residues of Gal4 when fused to a DNA binding domain
functions as a powerful activator and is fully sensitive to Gal80
(20). In a more recent study, it was observed that both of these
properties are retained by the peptide comprising the 42
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carboxyl terminal residues of Gal4 (residues 840-881). Acti-
vation by this DNA-tethered fragment also was inhibited by
Gal80, and in vitro experiments confirmed the interaction
between the two proteins (21). Carboxyl deletions of this 41-aa
peptide extending beyond residue 869 destroyed interaction
with Gal80, and further deletions beyond residue 854 severely
impaired the activation function (21).

The studies described above that emphasize the dual role of
residues 855-870 of Gal4 are consistent with studies of
Johnston and colleagues (22, 23, 24). They showed that, in the
context of intact Gal4, carboxyl deletions that extended up to
residue 870, but not one that extended to residue 868, retained
the ability to activate and to interact with Gal80 (24, 25).
Johnston and colleagues also reported that this region of Gal4
(residues 840—874) was unstructured in solution at physiolog-
ical pH but formed a B-sheet at pH 5.9 (26). These findings led
to the suggestion that the activating region of Gal4 is unstruc-
tured in the absence of an interacting partner but that forma-
tion of the B-hairpin is required for both interaction with Gal80
and for the activation function (25).

Here, we systematically mutagenize residues 855-870 in the
context of Gal4 (1-100) + (840-881) and study the activating
function, sensitivity to Gal80, and affinity for the TATA
box-binding protein (TBP) of each mutant. We begin with a
cysteine scanning mutagenesis of these residues and then
introduce proline substitutions at key positions. Alanine scan-
ning mutagenesis often has been used to identify amino acid
side chains important in protein—protein interactions (27). We
chose cysteine as the substituting residue because it is accom-
modated readily in a-helices and B-sheets (28—32) and because
it is found both on the surfaces and the interiors of proteins,
and, like alanine, it has a small side chain. Moreover, the
sulfhydryl (thiol) group of cysteine is specifically modifiable by
chemical crosslinkers, a property we exploit in certain exper-
iments here. In contrast, proline residues seriously perturb
secondary structure (28-35), and we use this property to test
the requirement of secondary structure for function.

MATERIALS & METHODS

Strains and Plasmids. The experiments were performed in
the yeast strain JPY9 bearing an integrated reporter pRJIR227
(21). Gal4 derivatives were expressed by a gal4 promoter from
an ARS1-CEN4 plasmid (21). Cysteine and Proline mutants in
the activating region were constructed by site-directed PCR
mutagenesis (36). The level of expression of each mutant was
determined by immunoblot analysis with anti-Gal4 polyclonal
antibodies (Santa Cruz Biotechnology) and with electro-
phoretic mobility shift assays from yeast extracts (21). The

Abbreviation: TBP, TATA box-binding protein; GST, glutathione
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response units; 2I-APDP, N-[4-(p-azidosalicylamido)butyl]-3'[2'-
pyridyldithio]propionamide.
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bacterial expression plasmids were constructed by cloning the
cassette coding for the entire Gal4 derivative into pET16B
(Novagen).

B-Galactosidase Assay. The cells were grown on the SC
media, under histidine selection, either in the presence of 2%
raffinose or 2% galactose. The B-galactosidase activity was
measured as described by Rose et al. (37), and the units of
activity were calculated as nmol/min/mg protein (as in ref.
21). The SD for all assays was <20%. All assays were done in
quadruplicates at least five independent times.

Protein Purification. Gal4 derivatives were over-expressed
in BL21(DE3) pLysS strain, were purified first by SP-
Sepharose (as in ref. 38), and were purified further by gel
filtration on a Superdex G-75 column (Pharmacia). Hexa-
histidine-tagged yTBP and Gal80 were purified by using
Ni(IT)-NTA-agarose beads, as described (7, 21). After the
purification, the proteins were subjected to gel filtration on a
superdex G-200 column (Pharmacia). Glutathione S-
transferase (GST)-yTBP was purified according to the pub-
lished procedure (39).

GST Pull-Down. **S-labeled Gal4 derivatives were made by
using the coupled transcription and translation (TnT) kit from
Promega. Pull-down experiments were done by incubating 5 ul
of labeled Gal4 derivative with 1 ug of immobilized GST-TBP
on glutathione-Sepharose (20 ul) beads (40). The incubations
and washes were performed by using published conditions
(22). Bound proteins were resolved on 12% Tricine-SDS/
PAGE (41) and were visualized by autoradiography and on a
Fuji BAS2000 phosphorimager.

Surface Plasmon Resonance Analysis. Sensor chips with an
immobilized double-stranded DNA carrying two consensus
Gal4 binding sites were prepared as described in refs. 9 and 21.
Protein—protein interactions were measured on BIAcore 2000
(Pharmacia) in buffer A (20 mM Hepes, pH 8.0/150 mM
NaCl/0.1 mM EDTA/20 uM ZnSOy,) at 25°C at a flow rate of
15 wl/min. Typically, 30 pl of 100 nM Gal4 derivative was
passed over the immobilized DNA, which resulted in saturated
binding to the DNA binding sites and gave the first increase in
resonance response units (RU). Interactions between this
Gal4-DNA complex and TBP were determined by flowing 30
wul of 150 nM solution of a sample protein over the preformed
Gal4-DNA complex. Any consequent increase in RU was
interpreted as binding of TBP to the Gal4—-DNA complex.
Control experiments with nonspecific DNA and with immo-
bilized streptavidin alone (data not shown) were conducted
simultaneously to determine the background level of surface
binding of proteins and the bulk increase in RUs caused by the
difference in the refractive index of the protein storage buffer.
Chips were regenerated between runs by washing with 30 ul of
0.3% SDS solution in HBS (10 mM Hepes, pH 7.5/150 mM
NaCl). The ratio of TBP retained by each Gal4 derivative was
determined after subtraction of the background raise in RU
values in the parallel channels, which do not bear Gal4 binding
sites (see ref. 9 for details).

Electrophoretic Mobility Super-Shift Assays. Each cysteine
derivative (10 nM) was incubated with a single labeled Gal4
site (100 pM) at room temperature in buffer B (20 mM Hepes,
pH 8.0/150 mM NaCl/0.1 mM EDTA/20 uM ZnSO,/100 ng
poly dAdT/10% glycerol/3 mM DTT) in the presence or
absence of 15 nM Gal80. Under these conditions, Gal4 deriv-
atives are saturating for the DNA binding site (42), but Gal80
is at the threshold of saturated binding (21). The complexes
were resolved on a native gel and were visualized by the
phosphorimaging; under these conditions, the effects of cys-
teine mutants on binding of Gal80 are most apparent. At 4-fold
higher concentrations of Gal80 (60 nM), all cysteine mutants
are saturated, suggesting that Gal80 must have at least a 4-fold
decrease in affinity for two most deleterious cysteine muta-
tions (F856C and T859C).
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Immunoblot Analysis. Cells were grown to mid-log and were
pelleted. The pellet was resuspended in Buffer A and was
mixed with an equal volume of glass beads (Sigma). The cells
were broken by bead beating immediately after adding 0.5 mM
phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, and 0.5
mM leupeptin. The supernatant was added to SDS sample
buffer and was resolved on 12% Tricine-SDS-polyacrylamide
gel. Immunoblotting was performed by standard methods (43).
Polyclonal rabbit anti-Gal80 antibodies were used to detect the
levels of endogenous Gal80. Gal4 fusions from yeast extract
were detected with an anti-Gal4 polyclonal antibody from
Santa Cruz Biotechnology. In addition to detecting our 16-kDa
Gal4 derivatives, this antibody also cross-reacts with a 90-kDa
protein (not endogenous Gal4) in yeast extracts. Horseradish
peroxidase conjugated secondary goat anti-rabbit antibodies
were used to visualize the proteins by an enhanced chemilu-
minescence (ECL) kit from Amersham.

Label-Transfer Photoaffinity Crosslinking. Gal4 (1-100) +
(840-881) with an Asn to Cys substitution at residue 857 was
reduced with 10 mM DTT for 1 hr at room temperature in
buffer A. The reduced protein was incubated for 90 min at
room temperature with '>I-APDP (N-[4-(p-azidosalicylam-
ido)butyl]-3'[2’'-pyridyldithio]propionamide) as described in
ref. 9. Purified radiolabeled Gal4 derivative (0.27 uM) was
incubated, in the dark, with TBP or Gal80 (1 uM) in 30 ul of
buffer A on ice for 1 hr. Photocrosslinking was activated with
long range UV light (320 nm) for 5 min. The reaction was
stopped and quenched with 20 mM DTT. This step reduces the
disulfide bond between ' I-APDP and Gal4, transferring the
radiolabel onto the crosslinked protein (see ref. 9). The
proteins were resolved on a 4-20% Tricine-SDS/PAGE and
were visualized by using a Fuji BAS2000 phosphorimager.

RESULTS

The protein Gal4 (1-100) + (840-881) comprises a DNA
binding domain (residues 1-100) attached to a portion of the
principal activating region of Gal4, which is found at the
carboxyl terminus of the protein (Fig. 14). This shortened
Gal4 derivative activates transcription about half as well as
does full length Gal4 as assayed on a reporter bearing five Gal4
binding sites (21), and it, like the full length protein, is inhibited
by Gal80 in cells grown in the absence of galactose. In the
following studies, we first analyze the effect of sequentially
substituting each of the residues spanning the region (855-
870) with cysteine residues, and we then analyze various
mutants bearing proline substitutions in this region. The
following results describe the abilities of these mutants to
activate transcription and to interact with TBP and with Gal80.
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F1G. 1. Activator and a reporter. (4) A Gal4 derivative comprising
the N-terminal, 100-residue DNA binding domain (dark box) fused to
the C-terminal, 42-residue activating region (the shaded box). (B) A
chromosomally integrated reporter bearing five consensus 17-bp Gal4
binding sites 191 bp upstream of the gal/l promoter, which is fused to
the LacZ reporter gene.
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Cysteine Substitutions

The Activation Function. As shown in Fig. 24, none of the
cysteine mutants were severely impaired for activation as
assayed in yeast grown under inducing conditions (i.e., in
galactose). The least active mutants (T858C and T859C) were
~060% as active as the parent. In this experiment, activation
was measured by using a chromosomally integrated reporter
bearing five Gal4 binding sites upstream of a ga/l promoter as
shown in Fig. 1B. Each of the derivatives was introduced on a
single copy plasmid into cells deleted for endogenous Gal4,
and each was expressed from a gal4 promoter. Western blot
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F1G. 2. The effect of substituting cysteine for wild-type residues on
activation and on TBP binding. (4) Reporter gene expression elicited
by each of the cysteine substitution mutants as assayed in Gal80™ cells
grown in galactose. (B) A GST pull-down experiment. 33S-labeled
Gal4 derivatives synthesized in vitro (lanes 1 and 3) and retained by
immobilized GST-TBP (lanes 2 and 4). (C) The products of each
cysteine derivative synthesized and 33S-labeled in vitro. (D) Binding of
Gal4 cysteine derivatives to immobilized GST-TBP. (E) Four surface
plasmon resonance sensograms describing binding of immobilized
Gal4 derivatives with yeast TBP as measured on a BIAcore machine
(9, 21). In each case, the difference in RU values between the three
plateaus at the points marked by the asterisks gives a value propor-
tional to the relative binding affinity of the two proteins. The averaged
ratio of TBP (ARU+gp) retained by each Gal4 (ARUgar4) derivative
is: wild-type, 2.02 * 0.3; T858C, 1.84 = 0.25; T859C, 1.45 + 0.3; T860C,
2.06 = 0.27.
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analysis and electrophoretic mobility-shift assays from yeast
extracts confirmed that, as expected, each derivative was
expressed at the low levels characteristic of endogenous Gal4
levels in wild-type cells (data not shown).

Two separate assays show that the cysteine mutants bind
TBP in vitro about as efficiently as does the wild-type parent.
The first of these assays was a standard “GST pull-down”
experiment in which we measured binding of the Gal4 deriv-
atives to GST-TBP immobilized on beads (40). For this
experiment, each mutant Gal4 derivative, as well as the
wild-type parent, was synthesized in a cell-free TnT system
(Promega). Fig. 2B shows that the Gal4 derivative of Fig. 14
bound GST-TBP whereas the Gal4 DNA binding domain
alone did not. Fig. 2C shows the products of the TnT reaction
for each cysteine mutant, and Fig. 2D shows that each inter-
acted efficiently with GST-TBP. The gel pattern in Fig. 2C
suggests that, in the TnT system, the cysteine derivatives are
degraded to various extents and the amount of each cysteine
derivative bound by GST-TBP is approximately proportional
to the level of the intact product in the TnT reaction.

For the experiment shown in Fig. 2E, we purified each
mutant from Escherichia coli, immobilized it on the surface of
a sensor chip, and tested its ability to interact with purified
TBP by using surface plasmon resonance (9, 21). In the
representative examples shown, within experimental error, all
of the mutants interacted about as efficiently with TBP as the
wild-type parent. The one exception was T859C, which bound
slightly less efficiently, and this correlates with the lowered
activity of this mutant in vivo.

Sensitivity to Gal80. Fig. 34 shows that, as assayed in cells
grown in noninducing conditions (i.e., in raffinose), two of the
cysteine substitution mutants, F§56C and T859C, were signif-
icantly less sensitive to inhibition by Gal80 than was either the
wild-type parent or any of the other cysteine mutants. The
mutant M861C was also moderately resistant to Gal80-
mediated inhibition. This experiment was performed by ex-
pressing each mutant in cells deleted for endogenous Gal4 but
bearing intact Gal80. Consistent with these results, Fig. 3B
shows that each of the cysteine mutants, with the clear
exceptions of F856C and T859C, bound Gal80 as efficiently as
did the wild-type parent in an electrophoretic mobility super-
shift assay. M861C was evidently also somewhat deficient in
this reaction. To perform this experiment, each cysteine
mutant was expressed in and purified from E. coli, as was the
intact wild-type Gal80. The Gal80 super-shift assays were
performed under conditions previously optimized for Gal4-
DNA complex formation (38) with a DNA bearing a single
consensus Gal4 binding site (42). Taken together, the results
presented above suggest that, along the stretch of amino acids
comprising residues 855-870, the identities of residues 856 and
859, and perhaps that of 861, are important for Gal80 recog-
nition. In contrast, each residue in this region can be replaced
by cysteine without dramatically affecting the activation func-
tion. We next explore the role of secondary structure in vivo
by introducing the more drastic proline substitutions in key
positions as described in the following section.

Proline Substitutions

Activation and Sensitivity to Gal80. We generated four
proline-substitution mutants: N857, T860, V864, and L868.
These positions were chosen on the basis of several criteria:
first, cysteine substitutions at these positions affect neither
Gal80 binding nor activation; second, the first two lie adjacent
to residues that, when changed to cysteine, significantly impair
interaction with Gal80 and decrease activation slightly; and
third, the last two substitutions lie in a region identified as
crucial for Gal80 binding by deletion analysis, and that analysis
also showed that this region contributes to the activation
function (21, 25). Fig. 44 shows that, as assayed in cells grown



13546  Biochemistry: Ansari et al.

FTHTTHTHTH
B £

EWT 555 856 857 858 850 800 851 862 GALd

E—+—+—+—+—+—+—+—+—+<mm

B TR e B

- —

$ 863 see w65 ses 867 ses oo 870 GALs

Bttt —t— -t oum
NN = e H e H.ﬂ

MUMENEN MW B

- - —

F1G.3. The effect of substituting cysteine for wild-type residues on
Gal80-mediated inhibition in vivo and interaction with Gal80 in vitro.
(A) Reporter gene expression elicited by each of the cysteine substi-
tution mutants of Fig. 1B as assayed in Gal80™ cells grown in raffinose.
(B) Electrophoretic mobility super-shift assays performed with re-
combinant Gal80 and Gal4 derivatives. Gal4 derivatives were bound to
a single DNA binding site at saturating concentrations of 10 nM (lanes
marked —), and Gal80 was added in adjacent lanes (lanes marked +)
at 15 nM concentration. At this inhibitor concentration, the two Gal4
mutants, F856C and T859C, show a 3- to 4-fold decrease in their
affinity for the GalS80.

in galactose, these substitutions had virtually no effect on the
activation function.

In contrast, as shown in Fig. 4B, each of the proline
substituted mutants, with the exception of T857P, dramatically
reduced sensitivity to Gal80-mediated inhibition as assayed in
cells grown in raffinose. This loss of inhibition cannot be
attributed to lowered levels of Gal80. The immunoblot analysis
of Fig. 4C shows that, in fact, the level of Gal80 was higher in
cells expressing each proline mutant—with the notable excep-
tion of T857P—than in cells expressing analogous cysteine.
This is the expected result: transcription of the Gal80 gene is
regulated positively by Gal4 (44), and therefore mutants of
Gal4 that retain the activation function, but are not inhibited
by Gal80, should cause increased expression of Gal80. Also, as
expected from these considerations, cells expressing either the
cysteine or the proline mutants at the four positions shown in
Fig. 4C, and grown in galactose, all express equal levels of
Gal80 (Fig. 4D).

Crosslinking Studies

We performed far-UV CD experiments with peptides com-
prising residues 840-881 and 850-874 at both pH 7.0 and pH
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FI1G. 4. The effects of substituting proline for wild-type residues in
Gal4 on activation, inhibition by Gal80, and on Gal80 synthesis. This
figure shows reporter gene activity elicited by various proline mutants
in cells grown in either galactose (4) or raffinose (B). In each case, a
mutant bearing a cysteine substitution at the identical position was
tested similarly in parallel. Immunoblot studies measured endogenous
Gal80 levels in cells expressing either cysteine or proline mutants and
grown in raffinose (C) or galactose (D).

5.8. At either pH, we obtained spectra characteristic of a
random coil with an absorption minima <200 nm (data not
shown). These results, taken together, suggest that the same
peptide, largely unstructured when free of a binding partner,
has quite distinct sequence and structural requirements for
interacting with two different partners. One of those partners
is Gal80, and the other may include any of several possible
targets in the transcriptional machinery, including TBP (21,
22).

The label-transfer photoaffinity crosslinking experiment of
Fig. 5 shows two relevant results. First, as tested in separate
reactions, Gal4 residue 857 is in close proximity to TBP and to
Gal80, and, thus, it is likely that common Gal4 residues
participate in both reactions. Second, binding of the Gal4
activating peptide to Gal80 prevents simultaneous binding to
TBP in this region. The experiment was performed by specif-
ically attaching the radiolabeled crosslinking reagent 12°I-
APDP (9, 45) to the introduced cysteine residue in the N857C
mutant of Gal4(1-100) + (840-881). We chose residue 857 for
modification because, although neither activation nor Gal80-
mediated inhibition are affected by either a proline or a
cysteine substitution at this position, 857C lies adjacent to
residues that are required for Gal80 binding and that have
detectable effects on activation. There are six additional
cysteine residues in this protein, but they are complexed with
two Zn(II) ions in a Zn,Cyse binuclear cluster and are unre-
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FiG. 5. Photoaffinity crosslinking of Gal4 to TBP and to Gal80.
125]-APDP-Gal4 was incubated with purified Gal80 (lane 2), with
purified yTBP (lane 3), and with both proteins (lane 4). In each case,
after UV-induced crosslinking, the label was transferred by treatment
with a reducing agent as described in ref. 9 (the minor band in lanes
2 and 4 is a degradation product of Gal80).

active to the crosslinker (46, 47). On interaction of the Gal4
activating region with its partner (in this case Gal80 or TBP),
the crosslinker, activated by UV, covalently attached to the
interacting partner. Subsequent incubation under reducing
conditions reversed the disulfide bond between the crosslinker
and the cysteine residue of Gal4, thereby transferring the label
to the crosslinked partner. Fig. 5 shows that, when incubated
separately with '>I-APDP modified Gal4, both TBP and
Gal80 were labeled efficiently, but, when both proteins were
mixed with the modified Gal4 at equimolar concentrations, the
label was transferred predominantly to Gal80.

DISCUSSION

The results presented here show that a peptide encompassing
16 residues—Gal4(855-870)—can participate in two distinct
protein—protein interactions with quite different sequence and
structural requirements. This peptide, when fused to a protein
comprising the Gal4 residues (1-100) + (840-854), confers on
the fusion both the ability to activate transcription significantly
and to bind, and be inhibited in that function by, Gal80. The
transcriptional activating function of this peptide is affected
little by the introduction of single cysteine mutations anywhere
in the sequence, or by any of four proline substitutions. We find
that the various mutants that we have constructed, with one
exception (T859C), bind TBP as efficiently as does the wild-
type parent. In striking contrast, the second function of this
region, interaction with the inhibitor Gal80, is highly sensitive
to certain cysteine substitutions (F856C and T859C), and
prolines introduced at three nearby sites at which cysteine
substitutions have no effect strongly disrupt repression by
Gal80 in vivo. The photo-crosslinking experiments we describe
show that residue 857 comes in close proximity to both TBP
and Gal80 when they are bound separately and that the binding
of Gal80 blocks binding of TBP, results reinforcing the notion
that a common set of residues is involved in both functions.
Cysteine substitutions are structurally nonobtrusive because
they have an equal propensity to be in an «-helix or a B-sheet
(28-32) and because thiol groups are nonpolar yet readily
polarizable, cysteine residues are found both in the cores and
on the surfaces of proteins. The fact that two cysteine substi-
tution mutants—856 and 859—impair interaction with Gal80
suggests that the residues found in the wild-type protein at
these positions (Phe and Thr, respectively) contact Gal80. The
additional finding that prolines placed near these positions
similarly affect Gal80 binding suggests that some struc-
ture—an a-helix or a B-sheet—is required for the interaction.

Proc. Natl. Acad. Sci. USA 95 (1998) 13547

None of the cysteine substitutions significantly affected the
activation function or interaction with TBP. Activation do-
mains of a similar or larger size are resistant to deleterious
effects of typical point mutations (12, 21). The finding that the
F869A substitution has a more deleterious effect on activation
than does the F869C mutant suggests that the side chain of
cysteine can substitute significantly for the missing phenyl ring
but the side chain of alanine, which does not extend as far from
the backbone cannot. Furthermore, in contrast to a previously
published report (26), our CD experiments with purified
peptides comprising residues 840—-881 or 850-874 show that,
at both pH 7.0 or pH 5.8, the peptides were unstructured (data
not shown). Taken together, our results suggest that interac-
tion with Gal80 induces formation of some ordered structure
incompatible with the presence of proline residues; in contrast,
such a structure is not essential for the activating function. TBP
binds our Gal4 derivative at least 10-fold less tightly than does
Gal80, and so it is unlikely that TBP but not Gal80 can
overcome the constraints placed by a proline residue and force
the peptide to adopt an ordered conformation on binding.

Our results argue that it is highly unlikely that a B-hairpin
structure forms on interaction with a target in the transcrip-
tional machinery. However, such a structure could be formed
on interaction with Gal80 (25). Our results question the
physiological relevance of the a-helices that have been re-
ported to form when certain activating regions (e.g., those
from VP16, myc, and CREB) are bound to their respective
targets in the transcriptional machinery (14, 16, 17). To bring
our results into congruence with those findings, we might
consider the following possibilities: (/) some activating regions
form a-helices on interaction with their targets in the tran-
scriptional machinery and some (e.g., the one examined here)
do not; (if) the a-helices formed by activating regions in such
interactions tolerate proline-mediated kinks; or (iii) activating
regions form a-helices when bound to their targets in vitro but
need not necessarily do so to function in vivo. Whatever the
explanation, it may be relevant that shortened variants of
certain activating regions (48, 49), including the one studied
here (21), are much more sensitive to the effects of point
mutations than are their longer parents. This has led to the
suggestion that activating regions comprise multiple functional
units that can be sampled individually by the target protein, an
idea consistent with the fact that reiteration of a short peptide
can produce an efficient activator (50-55).

The proposal that acidic activating regions are promiscuous
(1, 9, 12, 56), interacting with multiple partners, also is
consistent with the idea that binding may depend only on the
“stickiness” of the region rather than a very rigidly ordered
constellation of functional groups. As a corollary, de novo
design of transcriptional activators should be relatively facile,
and that, indeed, is the case. In early experiments, eukaryotic
activating regions were isolated readily from a screen of
random E. coli DNA fused to a DNA binding domain (57).
More recently, short peptides that are predominantly hydro-
phobic and are capable of activating transcription at very high
levels when tethered to DNA were isolated in abundance from
a yeast genetic screen (X. Lu and M.P., unpublished results).

We know of several instances in which eukaryotic transcrip-
tional activating regions also recognize inhibitors. In one case,
that involving the activator p53 and MDM2, the activating
region forms an a-helix on interaction with the inhibitor (13).
Wherever measured, the inhibitor binds significantly more
tightly to the activating region and blocks the binding of the
putative targets in the transcriptional machinery (13, 58-60).
Evidently, the relative weakness and promiscuity of the acti-
vating region—target interactions impose less of a requirement
for structure on the activating region (see, for example, ref. 61)
than does the stronger interaction with a specific inhibitor.
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