pool; although our results do not rule out
the existence of a small reserve pool, our
results can be quantitatively described by a
simple model involving spatially random
recycling into a uniform pool of vesicles.

How could vesicle mixing occur? Vesicles
are clearly constrained at rest in discrete
clusters, and evidence suggests that, within
each cluster, individual vesicles are bound to
a filamentous meshwork consisting, at least
in part, of the protein synapsin I (4, 15). It
has been suggested that during activity ves-
icles detach from synapsin I (16), but the
observation that fluorescent dye spots do
not blur during destaining (2) suggests that
vesicles are stll constrained in some way
during activity. If they are actively moved to
the presynaptic membrane (for example, by
a molecular motor linked to the cytoskele-
ton), the present results suggest that recy-
cling vesicles must be able to enter this
queue at any location. This could happen if,
for example, mature vesicles reappeared [for
example, by budding from cisternae and by
the removal of clathrin coats ()] at random
locations within the cluster.
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Dimerization of a Specific DNA-Binding

Protein on the DNA

Baexk KiMm AND JoHN W. LITTLE

Many specific DNA-binding proteins bind to sites with dyad symmetry, and the bound
form of the protein is a dimer. For some proteins, dimers form in solution and bind to
DNA. LexA repressor of Escherichia coli has been used to test an alternative binding
model in which two monomers bind sequentially. This model predicts that a repressor
monomer should bind with high specificity to an isolated operator half-site. Monomer
binding to a half-site was observed. A second monomer bound to an intact operator far
more tightly than the first monomer; this cooperativity arose from protein-protein

contacts.

HE BINDING SITES FOR MANY SPE-

cific DNA-binding proteins have

dyad symmetry (1, 2), and x-ray
crystallographic studies of several DNA-
protein complexes show that one subunit
of a dimer contacts each half of the opera-
tor (2, 3). For many proteins, these com-
plexes form by binding of preformed di-
mers to their sites. It is not certain,
however, that this is true in all cases.
Indeed, several such proteins do not de-
tectably dimerize in solution (2), or they
dimerize weakly as in the case of LexA, a

B. Kim, Department of Biochemistry, University of
Arizona, Tucson, AZ 85721.

J. W. Little, Departments of Biochemistry and Molecular
and Cellular Biology, University of Arizona, Tucson, AZ
85721.

bacterial transcriptional repressor (4, 5).
LexA, which represses the SOS regulon
(6), is similar to the cI repressor of bacteri-
ophage A, both in the sequence of its
COOH-terminal domain and in its general
organization. Its NH,-terminal domain
binds DNA (7, 8); the COOH-terminal
domain provides most of the contacts for
dimerization, because the in vitro dissocia-
tion constant for dimer formation in solu-
tion (Ky;me,) 18 about the same for both the
COOH-terminal domain and intact LexA
(4, 5). However, the value of Ky;er, =50
uM, is so high that the concentration of
dimers in in vitro experiments is low. This
suggests that the pathway for binding of
dimers to DNA (Fig. 1A, pathway I) cannot
account for the rapid rate at which LexA
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Fig. 1. Pathways for LexA binding to a site with
dyad symmetry. (A) Alternative pathways for
binding. Repressor monomers are depicted as
dumbbells. The DNA-binding domain and the
domain allowing dimerization contacts are repre-
sented by open and shaded circles, respectively.
The binding site on the DNA is shown as a line
with the two half-sites separated by a filled oval on
the dyad axis. In pathway I, repressor dimers form
in solution and bind to the operator; in pathway
11, two monomers bind sequentially to the oper-
ator (12). (B) Two steps in binding of the second
monomer in pathway II. In pathway Ila, the
protein-DNA contacts are made first; in pathway
IIb the protein-protein contacts are made first.
The equilibrium constants shown for the reac-
tions are dissociation constants (21).

binds to DNA in vitro, and that a monomer
binding pathway (Fig. 1A, pathway II)
might be operative (9).

Pathway II predicts that a LexA monomer
should bind to a half-operator. To test this
prediction, we synthesized a half-operator
that corresponded to the left half of a strong
binding site, the recA operator (Fig. 2A).
Deoxyribonuclease I (DNase I) footprinting
analysis of DNA containing this half-site,
and of DNA with the full recA operator, was
carried out as a function of LexA concentra-
tion; we determined the affinity by measur-
ing the LexA concentration that gave half-
maximal protection (10, 11) (Table 1,
legend).

LexA repressor bound to the half-opera-
tor (Fig. 2B), but not to the nonoperator
sequences that replaced the other half of the
operator. This finding is consistent with
pathway II. At several salt concentrations,
LexA bound =1000-fold more tightly to the
intact operator than to the half-site (Table
1), indicating (12) that the second monomer
bound about 10°%-fold more tightly than the
first one.

Cooperative binding such as we observed
for the second monomer is generally be-
lieved to arise from protein-protein interac-
tions between adjacent bound proteins. It is
possible, however, that the first bound
monomer confers a conformational change
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on the DNA-binding site that increases the
affinity of this site for the second monomer.
Consequently, some of the energy of coop-
erativity might be provided by effects on
DNA structure. We took advantage of the
domain structure of LexA to test this possi-
bility.

Because the contacts for LexA dimeriza-
tion in solution reside in the COOH-termi-
nal domain (5), a DNA-bound NH,-termi-
nal domain should not provide a surface for
protein-protein interactions. Accordingly,
the affinity of the NH,-terminal domain for
the intact operator should be the same as for
the half-operator, if its binding had little or
no effect on DNA structure. This prediction
was fulfilled (Table 1). Thus, we conclude
that essentially all the energy for cooperative
binding of the second monomer of intact
LexA comes from protein-protein interac-
tions, and that these take place in the
COOH-terminal domain.

Two lines of evidence strongly suggest
that intact LexA bound to the half-site as a
monomer. First, sequences replacing the
other half of the operator were not protect-
ed from DNase I (Fig. 2B) (13). Second,
the isolated NH,-terminal domain had the
same affinity for the half-site (Table 1), and
gave the same footprint (Fig. 2B), as did
intact LexA. These findings also suggest
that the contacts between the half-site and
either form of repressor were identical.

In addition to this evidence favoring path-
way II, we argue against pathway I on
kinetic grounds. LexA binding to an intact
operator was essentially at equilibrium with-
in 20 s (14). Pathway I cannot account for
this rapid approach to equilibrium because
the dimer concentration in solution is so low
that dimers cannot bind rapidly enough
(15). We conclude from all our data that
LexA binding largely follows pathway II
under our conditions. Studies with the
DNA-binding domain of the glucocorticoid
receptor suggest that it can dimerize on the
DNA (16, 17), with the second monomer
binding- =100-fold more tightly than the
first (17).

Genetic evidence obtained at high con-
centrations of LexA in vivo has been inter-
preted to indicate that pathway I operates
under physiological conditions (18). Neg-
ative-dominant mutant forms of LexA with
alterations that block DNA binding inter-
fere with the function of wild-type LexA,
presumably by forming nonfunctional het-
erodimers. This has suggested that mutant
monomers deplete the cell of wild-type
monomers and therefore of wild-type ho-
modimers. However, these experiments do
not identify the DNA-binding species but
simply indicate that its concentration is
reduced. This would be true both of wild-

Table 1. Affinities of LexA for intact (I) and
half-operator (HO). Samples were prepared and
analyzed as in Fig. 2B, with a range of protein
concentrations. Footprinting gels were analyzed
as described (10), except that counts were
determined with a Betascope (Betagen). Affin-
ities were estimated from binding curves as that
amount of repressor (R) giving half-maximal
protection (12). Experiments at 150 and 200 mM
KCI with intact LexA gave an affinity for the
intact operator of 1.5 and 2.5 nM, respectively;
for half-operator we did not reach 100%
occupancy but estimated that the affinity was =2
and 3 uM, respectively. At 100 mM KCl, from
K, = 05 x 107'* M? and Kipee = 15 pM
(2§), we calculate that the value of K, in pathway
I (Fig. 1A) was =3 x 10™'* M. Tighter binding
of the NH,-terminal fragment to the recA
operator has been observed under somewhat
different conditions (29). We cannot account for
this discrepancy. It is unlikely to result from
differences in the protein preparation, as we
obtained the same affinity with a protein prepared
by autodigestion of LexA at pH 9.0 for 4 hours
(29), and the affinity was essentially the same at
pH 7.4 and 8.0.

I HO
I NH, HO NH,
KCl R terminal R terminal
(mM) R R

[LexA] giving 50% protection (nM)

50 0.40
100 0.70

400
750

350
650

450
750

type homodimers (which bind in pathway
I) and of wild-type monomers (which bind
in pathway II). Although all the equilibria
in Fig. 1A must be satisfied, pathway I may
be kinetically blocked—the rate constants
in both directions may be small—so that
the contribution of the pathway would be
insignificant.

Binding of the second LexA monomer
involves two steps, protein-protein interac-
tions and protein-DNA interactions, which
could proceed in either order (Fig. 1B). In
either pathway Ila or IIb, relatively little
entropy should be lost in the second, uni-
molecular step (19, 20); hence, these steps
should be more favorable than their bimo-
lecular counterparts (21). Other proteins
could bind as tightly as LexA to intact
operator but give weaker half-site binding
for either of two reasons. First, the coop-
erativity for binding the second monomer
could be greater than for LexA (21). Sec-
ond, the structure of the protein might
change upon binding to DNA (3, 22),
allowing additional protein-protein con-
tacts to form, or stabilizing a conformation
disfavored in solution.

More generally, binding of the second
LexA monomer can serve as a model sys-
tem for the assembly of DNA-bound com-
plexes that contain several different factors.
Examples of such complexes include pro-
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Fig. 2. Binding of LexA to a
synthetic operator half-site.
(A) Sequence of the recA
operator and a synthetic
half-site corresponding to
the left half of this operator.
In the recA operator, nucle-
otides most highly con-
served among LexA binding
sites (30) are shown in bold
type. Sequences in the cen-
tral portion of the operator
are not conserved. In the
half-site, bold type indicates
the region identical to the
recA operator. Sequences re-
placing the right portion of
the operator are also shown.
(B) DNase I footprinting
was used to show binding to
the intact operator and the
operator half-site by intact
LexA and its NH,-terminal
domain. Lanes 1 to 3 are the
intact operator labeled in
the top strand, as shown in
(A); lanes 4 to 6 are the
half-operator labeled at the
3’ end of the top strand;
lanes 7 to 9 are the half-
operator labeled at the 5’
end of the bottom strand.
Lanes 1, 4, and 7, no pro-
tein; lane 2, 2.5 nM intact

A
recA

B Full operator

25

LexA; lanes 5 and 8, 2.5 pM - 3 :
intact LexA; lanes 3, 6, and
9, 2.5 uM NH,-terminal * . . -

fragment. The positions of

5'-TACTGTATGAGCATACAGTA-3'
operator 3'-ATGACATACTCGTATGTCAT-5'

w5
s

Synthetic 5'-TACTGTATGAGCTGTCGTAG-3"
half-site 3“ATGACATACTCGACAGCATC-5'
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sequences replacing the other half of the recA operator are indicated by “X”. Footprinting buffer (25)
contained 20 mM tris - HCI, pH 7.4, 10% sucrose, 1 mM dithiothreitol, 0.1 mM EDTA, 1.5 mM
CaCl,, 2.5 mM MgCl,, 0.1% bovine serum albumin, and KCI and DNA as indicated (17).

karyotic replication complexes, site-specific
recombination complexes, the general tran-
scription machinery of eukaryotes, and the
interaction of general transcription factors
with transcriptional activator proteins.

Many fusion proteins between the LexA
DNA-binding domain and the transcrip-
tion activation domains of various eukary-
otic regulatory proteins can activate tran-
scription (23). Although some of these
transcriptional regulatory proteins, such as
GCN4 and GALA4, are known to dimerize
(24), it is unlikely that all of these fusion
proteins can readily dimerize (25), either
because the activator protein lacks this
capability or because the portion fused to
LexA does not provide dimer contacts. We
suggest that dimerization may not be nec-
essary to achieve DNA binding and tran-
scription activation. Certain fusion pro-
teins may bind to DNA as monomers if
they are present in the nucleus at a concen-
tration that approaches 1 wM. Because
activation assays can detect a low fractional
occupancy of DNA binding sites, a rela-
tively modest affinity might suffice, if a
single monomer of bound activator can
activate transcription.
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A Single Amino Acid That Determines the Sensitivity
of Progesterone Receptors to RU486

BriGrrTE BENHAMOU,* TERESA GARCIA,* THIERRY LEROUGE,
AGNES VERGEZAC, DOMINIQUE GOFFLO, CLAIRE BIGOGNE,
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The progesterone analog RU486, an abortifacient, inhibits the action of progestins in
humans but not in chickens or hamsters. Substitution of cysteine at position 575 by
glycine in the hormone binding domain (HBD) of the chicken progesterone receptor
(cPR) generated a cPR that binds RU486 and whose activity is antagonized by that
compound. In fact, all receptors that bind RU486 have a glycine at the corresponding
position. The hamster PR, like cPR, has a cysteine. Only glycine—not methionine or
leucine—at position 575 allowed binding of RU486 to cPR. Substitution of this
glycine by cysteine in the human PR (hPR) abrogated binding of RU486 but not that
of an agonist. The corresponding mutation in the human glucocorticoid receptor
resulted in a loss of binding of both dexamethasone and RU486. Examination of a
series of 11B-substituted steroids showed that antagonism is not an intrinsic property
of an antihormone, because one hPR antagonist acted as an agonist for a mutated hPR.
The positioning of an aromatic 11B-substitution in the PR HBD appears to be critical
for generating agonistic or antagonistic activity.

NDERSTANDING HOW AGONISTS

l | and antagonists interact with their
receptors is important for the de-

sign of pharmaceuticals. RU486 competi-
tively binds to the progesterone receptor
(PR) of certain species and inhibits proges-
tin action (7). The PR is a member of the
nuclear receptor family (2) and its DNA
binding domain (DBD) and hormone-bind-
ing domain (HBD) have been identified (3,
4), as well as two transcription activation
functions (TAFs), in the NH, terminal re-
gion A/B (TAF-1) and in the HBD (TAF-2)
(5) (Fig. 1B). Binding of RU486 induces
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PR dimerization and DNA binding in vivo
and in vitro (5, 6), but no activity of TAF-2
was observed in the presence of RU486 (5).
In contrast to the human PR (hPR), both
chicken (cPR) and hamster (haPR) PRs do
not bind RU486. But several agonists bind
similarly to all of these PRs. Moreover,
RU486 inhibits the activity of the glucocor-
ticoid receptor in both humans and chickens
(1).

Regions other than the HBD do not
appear to contribute to RU486 binding by
hPR, because a fusion protein composed of
B-galactosidase and the hPR HBD (amino
acids 687 to 933) bound the antagonist with
an affinity similar to that of the complete
human PR. Binding of RU486 by a fusion
protein containing the corresponding por-
tion of cPR was barely detectable (7) (Fig.
2D). This result indicates that the 31 amino
acids that differ in the HBDs of cPR and
hPR are responsible for the differential
RU486 binding and that no post-transla-
tional modification specific to eukaryotes is

required for RU486 binding.

Whether a specific region (or regions)
within the cPR HBD blocked RU486 bind-
ing was tested as follows. Portions: of the
cPR HBD were replaced with the corre-
sponding sequences of hPR (Fig. 1B), and
the effect of RU486 on the ability of the
chimeras to induce transcription in the pres-
ence of agonist (RU27987) was investigat-
ed (Fig. 1A) by transiently transfecting
HeLa cells with a reporter gene (MMTV-
CAT) carrying the progestin responsive ele-
ment (PRE) of the mouse mammary tumor
virus (MMTV) long terminal repeat (LTR)
(8). RU486 is a complete hPR antagonist in
this system (5). All chimeras (ml to m4;
Fig. 1B) induced transcription in the pres-
ence of the agonist, but only the transcrip-
tion induced by RU27987 and m2, which
has the hPR sequence 716 to 766 in place of
the corresponding sequence of cPR (amino
acids 569 to 619), was inhibited by RU486
(Fig. 1C). Immunoblots demonstrated that
all chimeras were expressed at similar con-
centrations; thus, they activated transcrip-
tion with similar efficiencies, indicating that
the sequence differences within the HBDs of
cPR and hPR do not significantly affect the
structure or activity of TAF-2 or that TAF-2
is contained within one of the transposed
sequences.

The segment of the PR HBD present in
cPR m2 differs at six residues from the
corresponding sequence of cPR (Fig. 3A).
Two of these residues are conserved in hPR
and human glucocorticoid receptor (hGR),
both of which bind RU486 (hPRGly”?2,
hGRGly*¢7; hPRLeu”®*, hGRLeu®°®). The
rabbit PR (rbPR), which also binds
RU486, has a sequence identical to the hPR
HBD sequence present in m2 (Fig. 3, A and
B). We therefore analyzed the effect of re-
placements of these two residues with the
corresponding amino acids from the hPR
(9). Whereas cPR(Met®'®-Leu) still be-
haved like cPR (Fig. 1D), RU27987-in-
duced transcription by the double mutant
cPR(His*”3-Gln, Cys®”*-Gly) was inhibited
by RU486 (Fig. 1D). This sensitivity to
RU486 was solely due to the mutation of
cPRCys*”® to Gly, because cPR(His®”3-
GlIn) behaved like wild-type cPR (Fig. 1, C
and D), whereas RU486 efficiently inhibit-
ed transcription induced by cPR(Cys®”>-
Gly) in the presence of RU27987 (Fig. 1D).
Analysis of RU486 binding to bacterially
expressed B-galactosidase fusion proteins
confirmed that the HBDs of m2 and
cPR(Cys*”*-Gly) bound RU486 (Fig. 2D).
That these two chimeras bound RU486
with an affinity lower than that of hPR
indicates that additional divergent amino
acids contribute to the binding of RU486
by hPR. However, the single amino acid
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