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ABSTRACT. Progesterone receptors (PR) play critical roles in eukaryotic gene regulation, yet the mechanisms
by which they assemble at multisite promoters are poorly understood. Here we present a thermodynamic
analysis of the interactions of the PR B-isoform (PR-B) with promoters containing either one or two
progesterone response elements (PREs). Utilizing quantitative footprinting, we have resolved the
microscopic energetics of PR-B binding, including cooperativity terms. The results of this analysis challenge

a number of assumptions found in traditional models of receptor function. First, PR-B interactions at a
single PRE can be equally well described by mechanisms invoking either the receptor monomer or the
dimer as the active DNA binding species. If, as is commonly accepted, PR-B interacts with response
elements only as a preformed dimer, then its intrinsic binding affinity is not the typically observed nanomolar
but is rather picomolar. This high affinity binding is opposed, however, by a large energetic penalty. The
penalty presumably pays for costly structural rearrangements of the receptor dimer and/or response element
that are needed to form the proteiDNA complex. If PR-B assembles at a single response element via
successive monomer binding reactions, then this penalty minimizes cooperative interactions between
adjacent monomers. When binding to two response elements, the receptor exhibits strong intersite
cooperativity. Although this phenomenon has been observed before, the present work demonstrates that
the energetics reach levels seen in highly cooperative systems stichrepressor. This first quantitative
dissection of cooperative receptgromoter interactions suggests that PR-B function is more complex
than traditionally envisioned.

Progesterone receptors (PRye members of the nuclear myoom
receptor superfamily of ligand-regulated transcription factors 165 456 556 638 688 933
(2). An understanding of PR function is complicated by the BUS HED
. . AF-1| DBD | H
fact that the receptor exists as two naturally occurring AF-3 AF-2

isoforms: an 83 kDa A-receptor (PR-A) and a 99 kDa ggyge 1: Progesterone receptor domain structure. Schematic of
B-receptor (PR-B). The two proteins are identical except for primary amino acid sequence for PR-A and PR-B isoforms.
a 164-amino-acid extension at the N-terminus of PR-B (see Functional regions are as indicated: DBD, DNA binding domain;
Figure 1). Both isoforms are characterized by a centrally HBD, hormone binding domain; H, hinge; AF, activation function;
located DNA binding domain (DBD) and a C-terminal EE.SA' ?S'lé'lﬁxgdsggu;gfn% Z';;E 'f‘ﬁdg%fé'?ed as amino acidiss,
hormone binding domain (HBD). The two domains are
linked by a 50-amino-acid “hinge” sequence of unclear Despite their high degree of sequence identity, the two
function. Transcriptional activation functions are located isoforms have distinctly different functional properties. For
N-terminal to the DBD (AF-1) and within the HBD (AF-2). example, the B-isoform is typically a much stronger tran-
The 164 residues unique to PR-B contain a context-dependengcriptional activator than the A-isoforr8)( the two receptors
transcriptional activation function (AF-3)). regulate different subsets of gend}, the isoforms respond
differently to progestin antagonists such as RU486 énd
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superfamily. Other steroid receptor family members include or possibly as a dimerl{). Keeping in mind that these
the estrogen receptor, glucocorticoid receptor, mineralocor- pioneering studies were necessarily carried out using partially
ticoid receptor, and androgen receptor. Traditional models purified receptor preparations and semiquantitative tech-
of steroid receptor function propose that upon binding their niques, it seems reasonable to state that the definitive analysis
cognate hormone, the receptors dimerize, translocate to theof the pathway(s) by which receptors bind to response
nucleus, bind to their DNA response elements at upstreamelements has yet to be carried out.
promoter sites, and recruit an array of coactivating proteins  As a first step toward obtaining a quantitative understand-
to activate transcriptionlj. In the case of PR (defined here ing of PR function, we have carried out a thermodynamic
as a composite of both isoforms), evidence in support of the analysis of the interactions of full-length, human PR-B with
early steps of this pathway was based on immuno-isolation, promoters containing either one or two palindromic PREs.
chemical cross-linking, and gel-shift studies that demon- Through a global analysis of all datasets, we have resolved
strated partially purified receptor was capable of dimerizing the microscopic free energy contributions to binding, includ-
in solution and that only the dimer appeared competent to ing intersite and intrasite cooperativity terms. This study thus
bind to palindromic progesterone response elements (PREs)represents the first energetic dissection of a cooperative
typically with apparent nanomolar affinity8{-10). Studies protein—-DNA binding reaction using an intact nuclear
of the other steroid receptor family members suggested thatreceptor and a multisite promoter. Moreover, the results
the hormone binding domain was the primary mediator of demonstrate that cooperative PR-B binding affinity is not
solution dimerization. Additionally, the monomeric DNA only dramatically greater than previously assumed but that
binding domain of steroid receptors was shown to dimerize binding is heavily penalized, presumably due to structural
upon binding a single palindromic response element, indica- alterations in the protein and/or DNA. Large, opposing
tive of “intrasite” cooperativity {1). contributions to binding have been observed in other DNA
In parallel with these biochemical studies, transient trans- binding proteins and may serve here as a means to efficiently
fection assays demonstrated that PR could only weakly control PR-regulated gene expression.
activate transcription of a reporter gene when the promoter
contained a singple palindrorr?ic PRHQEJZQ. In contrast, \F/)vhen MATERIALS AND METHODS
a pair of tandemly linked palindromic PREs (PRREvas Expression and Purification of the Full-Length B-Isoform
placed upstream of the reporter gene, PR could strongly of Human Progesterone Receptdkn expression vector
activate transcription, indicative of transcriptional synergy. encoding residues-1933 of PR-B fused to an N-terminal
Gel shift analysis of the interactions of PR with DNA hexahistidine sequence was a generous gift of Dr. Dean
fragments containing the above palindromic response ele-Edwards (University of Colorado Health Sciences Center).
ments demonstrated that PR exhibited “intersite” cooperat- PR-B was expressed in baculovirus-infected Sf9 insect cells
ivity, causing a 100-fold enhancement of overall binding as previously described.®). A detailed description of the
affinity on the synthetic PREDNA fragment compared to  PR-B purification and a quantitative analysis of its solution
a fragment containing a single PREZ[. Thus, the syner-  properties were also previously described®)( To sum-
gistic increase in transcriptional activity seen with tandemly marize, 95% pure PR-B is highly active in hormone binding
linked response elements was interpreted to be due toactivity, quantitatively exists as an equilibrium distribution
cooperative interactions between adjacently bound PR dimers.of monomers and dimers as judged by analytical ultracen-
Reactions in which protein self-assembly in solution (e.g., trifugation, and has a dimerization free energy(;) of —7.2
dimerization) is coupled to cooperative, high-affinity DNA kcal/mol under conditions identical to those used in the
binding appear to be a common first step in regulating present analysis. Since accurate estimates of DNA binding
transcriptional activation. However, it is not clear whether energetics require an independently determined solution
this type of mechanism is sufficient to explain all aspects of dimerization free energ\yAGg; was held as a constant during
progesterone receptor (and perhaps steroid receptor) trananalysis of the footprint titration data. Finally, the DNA
scriptional function. For example, natural PR-regulated binding activity of the receptor was assumed to be 100%.
promoters tend not to exhibit clearly recognizable symmetric DNA Preparation for DNase | FootprintingA vector
and palindromic binding sites that would be targets for containing a synthetic PREpromoter template was a
ligand-activated PR dimer4.8). Instead, computer analysis generous gift of Dr. Kathryn Horwitz (University of Colorado
suggests that natural PR recognition sequences are made ugealth Sciences Center). This promoter contains two tan-
of clustered half-sites that may or may not have an adjacent,demly linked PRESs, each corresponding to the palindromic
and only moderately conserved, half-site (B. M. Jacobsen tyrosine aminotransferase promoter sequence (TGTACAG-
and K. B. Horwitz, personal communication). Moreover, GATGTTCT) (20). The PREs are spaced 25 bp apart and
qualitative footprinting studies of PR interactions with natural upstream of a thymidine kinase regulatory element. Gener-
promoters containing multiple response elements showedated “in house” was a reduced-valency promoter template
little evidence of cooperative bindindgl4), even though (PRE-) containing a G-to-T point mutation in each half-
mutational analysis of the binding sites revealed synergistic site of the distal PRE (designated as site 1), thus eliminating
transcriptional activation propertie4). Finally, it is not PR-B binding to that palindrome(). The templates were
entirely clear that progesterone receptors bind to palindromic excised from their respective vectors witiNael and Hind
response elements only as preformed dimers. Although therdll digestion, resulting in 1304-bp fragments. The fragments
appears to be no evidence that full-length receptor monomerswere purified and?P-end-labeled on the sense-strand using
can bind to isolated half-site3), early biochemical studies  a Klenow fill-in reaction 22). The proximal PRE of each
indicated that the closely related glucocorticoid receptor fragment was positioned 100 bp from thé eéhd of the
could bind to clustered half-sites possibly as a monorh@r ( labeled strand.
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Table 1: Species Distributions, Free Energy Changes, and Interaction Constants for Monomer and Dimer Assembly Pathways for PR-B

Monomer Pathway Dimer Pathway
Representative Number of Microscopic Free Energy Number of Microscopic Free Energy
Species Diagram' configurations® Constant Contribution’ Configurations® Constant Contribution’
A1+ 1 - reference state 1 - reference state

| k 4Gy
& K’ 246,

- 2 ki

_.._ED_ 2:AG, + AG, 2 kgi'ks AGg; + AG,
| | | ﬁ 4 K ka 3-AG, +AGg - - -
[ | R || 4q 2, 4-AG) +2AG, ko2 2AGg *
1 ki ke ke +AGg 1 Katkaka 5 0Gy AG

1 Each diagram represents one of the possible microscopic configurations at each ligatich\statber of possible configurations at ligation
state.® Each free energy change is related to each microscopic association constant through the standard reMionshiRT In k, whereR is
the gas constant anflis the temperature in Kelvin.

Individual-Site Binding Experiment&xperiments were  represented in Figure 2a,b. The ligation state configurations
carried out using quantitative DNase | footprint titrations as and species distributions accessible in this model are shown
originally described by Ackers and co-worke28(24), with in Table 1, as are the corresponding equilibrium constants
the following modifications. All reactions were carried out and free energy contributions necessary to construct the
in an assay buffer containing 20 mM Hepes, pH 8.0, 50 mM mathematical expressions for PRE binding. The model makes
NaCl, 1 mM DTT, 1 mM CaGJ, 2.5 mM MgCh, 1 x 10°° the following assumptions: (1) PR-B exists under the stated
M progesterone, 10@g/mL BSA, and 2ug/mL salmon solution conditions as a monomedimer equilibrium. This
sperm DNA. Each reaction contained 20 000 cpm of freshly “assumption” can be taken as fact in light of our previous
labeled DNA containing either the PRBromoter or PRE- work on the energetics of PR-B solution self-assemb8).(
promoter. PR-B was added to each reaction mix, covering a(2) PR-B can follow either a monomer pathway (Figure 2b)
concentration range from sub-nanomolar to micromolar, and or preformed dimer pathway (Figure 2a) to DNA binding;
the sample was allowed to equilibrate &Gl for at least 45 monomers can bind to individual half-sites®;) and dimers
min. DNase | (Invitrogen) was diluted to a concentration of can bind to palindromic sitesAG,). The validity of this
0.0058 unitgiL in the assay buffer less BSA and salmon assumption is based on biochemical studies demonstrating
sperm DNA. After the samples reached equilibriumyl5 that preformed PR dimers bind to response elemétsu(t
of the diluted DNAse | solution was added to each 200 that solution dimerization may not always be prerequisite to
reaction, and digestion was allowed to proceed for exactly PRE binding and transcriptional activatio®5(-27). (3)

2 min. Digestion products were electrophoresed on 6% Monomers bind with identical affinityAG;) to each half-
acrylamide-urea gels and visualized using phosphorimaging.site within the palindromic tyrosine aminotransferase PRE.
Individual-site binding isotherms were calculated as de- This assumption was validated based on our initial analysis
scribed by Brenowitz et al.2@) using the program, Im-  of PR-B binding to the PRE promoter; see Results section.
ageQuant. (4) A monomer bound to a PRE half-site can cooperatively

The thermodynamic validity of the quantitative DNase recruit another monomer to the half-site within a palindromic
footprint titration technique is based upon the testable PRE but not between palindromic PREs (thus defining
assumptions that the system of interest is at equilibrium and“intrasite” cooperativity AG.1). Evidence in support of this
that DNase exposure does not perturb that equilibri2@h ( assumption comes from biophysical studies that demonstrated
In the present study, the resolved binding isotherms werethat monomeric DBDs of GR and monomeric N-terminal
independent of equilibration times from 45 min to 2 h. constructs of PR bind cooperatively to half-sites separated
Control experiments that varied DNase activity but kept by three base pairs (i.e., palindromic response elemgt) (
enzymatic exposure time constant generated identical results25, 26); however, half-sites separated by more than 15 base
Control experiments that varied DNase exposure time but pairs could not mediate cooperative GR or PR interactions
kept total DNase activity constant (e.g., halving the DNAse (14, 17). (5) Cooperativity between palindromic PREs
concentration but doubling exposure time) also generated(defined here as “intersite” cooperativikG.,) only occurs
identical results, thus demonstrating that the results were notwhen all PREs are fully ligated, either by four monomers or
confounded by kinetic artifacts. All studies presented here two dimers. This assumption is based upon previous semi-
were carried out with DNase concentrations that approxi- quantitative analyses of cooperative -PRRE interactions
mated “single hit kinetics” 23). Finally, promoter DNA indicating that PR dimers bind cooperatively to multisite
concentrations were estimated to be well below PR-B binding promoters 12).

affinity (maximally 5 pM), thus justifying the assumption ~ The DNase | footprint titration technique resolves the
that PR-Bee ~ PR-Botal fractional occupancy of binding at each PRE. The statistical
Resolution of Microscopic Interaction Free Energi€he thermodynamic expressions that describe the individual-site
interactions of PR-B at the PRpromoter were described binding isotherms are constructed by summing the prob-
using the following model, composed of the pathways abilities of each microscopic species that contributes to
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A ) B ) 2 2,2, 4
Essimblytszate }zsspemblytS:ate _PR — kdikzx + kdi k2 kCZX (2)
2@ < HE f/.\\ o1+ kg + by kX
W\
/N where kg and x are as defined abové, is the intrinsic
—a.— T +—-

— .
' association affinity for dimer binding to a palindromic site,
- andk., corresponds to the intersite cooperativity term. The
— .. T 1 8 association equilibrium constants are presented in lower-case
to emphasize that they represent microscopic interactions
W \W rather than traditional (upper-case) macroscopic interactions.
Finally, because the palindromic PREs in the RR©®moter
are identical in sequence, the above equation also describes

¢ PRE 1 PRE 2 - . .
binding at site 2 in the context of the PREromoter.
CTAGAl:.:lGATCCCGGGC“GACCTAGGGGATC\:.j GGATC The fractional saturation for binding at site 2 of the RRE
LELACMOAIGLLCL TGTACAGGATGTICT promoter (i.e., binding to an isolated PRE) via a dimer

FIGURE 2: Schematic representation of selected assembly statespathway when expressed in units of free monomer concen-
for PR-B:PRE interactions. (A) Dimer binding pathway: Filled  {ation is then

circles represent hormone-bound PR-B structure prior to either

solution dimerization or cooperative binding at a PRE. Filled squares

represent PR-B solution dimers or PR-B bound to the PRE Ny _ kdik2X2 3
promoter template. Only preformed PR-B dimers are competent to YPREi_ - 1+ —k 2 3)
assemble at palindromic response elements. Binding at multiple Kok

response elements is accompanied by cooperative interactions _ o )
between the sites (defined here as “intersite cooperativity”) seen Using the same approach to describe binding via a monomer

as dir_ect contact of adjaceljtly_bound dimers and induction of DNA pathway, the expressions for binding at each palindromic
bending. (B) Monomer binding pathway: PR-B assembles at ppe \ithin the PREpromoter and at the palindromic PRE

palindromic response elements via a succession of monomer- f the PR t d 4 d5
binding reactions. Successive binding at an individual response Of theé PRE- promoter are expressed as eqs 4 and 5,

element is accompanied by cooperative interactions (defined hererespectively:
as “intrasite cooperativity”) and represented by a transition from a _

filled circle to a filled square. In both panels, PRE binding sites YPREQ =
within the PRE template are represented by a solid rectangle (site

1) and open rectangle (site 2). Separating each half-site within each 2 2 3 .3 4. 2 A
PRE is a white line (site 1) or a black line (site 2). Arrow refers to 2k X + 4k X + Ky kc1X2 + 4Ky kclx + Ky kcl kczx

the direction of transcriptional start site. (C) Nucleotide sequence 2 2 3 4, 2, A
of the PRE promoter in the vicinity of the two PREs. Underlined 1+ Akx+ 4k X+ 2Ky kclxz + Ak kc1X3 F Ky Koy keX
sequences correspond to half-sites of each palindromic response

element. Nucleotides in bold correspond to the approximate 4)
locations of hypersensitive bands appearing in the Quantitative 2

Footprint Titrations; see Results for details. _ 2kyx + kg %k

Y. =
PRE- 1 4 2kx + kK 4

(5)

binding at that site. A detailed approach for constructing each
mathematical formulation has been presented previo@8)y (  wherek; refers to the intrinsic affinity of monomer binding,
Briefly, the probability {s) of each microscopic species is kc1 corresponds to the intrasite cooperativity, anand k.,
defined as 29): are as defined previously. To resolve the above microscopic
equilibrium constants, the two binding isotherms generated
(—AGYRT i from the PRE template and the singlg binding isotherm from
€ [x] the PRE- template were analyzed simultaneously using the
s= J— @ program, Scientist (Micromath, Inc.). Because protein in-
e(*AGg/RD[X]j teractions at specific DNA binding sites do not afford
; complete protection from DNAse activity, binding data were
treated as transition curves fitted to uppe) &nd lower b)
endpoints using the equation:

whereAG; is the free energy of configuratiogrelative to B B

the unliganded reference state,is the PR-B monomer Yapp = b+ (m— b)Y (6)
concentration (calculated from the dimerization constant,

andj is the stoichiometry of PR-B monomer bound to a Finally, the independently determined equilibrium constant
response elemerRis the gas constant, afds temperature for solution dimerization was fixed at 45 10° M1 for all

in Kelvin. The relationship between each free energy changeanalyses.

and its association constant is defined via the standard

relationshipAG; = —RTIn k;. Thus, the fractional saturation RESULTS
() for dimer binding at site 1 of the PREpromoter is the The commonly accepted kinetic pathway describingPR
sum of probabilities for the isolated dimer binding reaction PRE interactions is that hormone-bound receptor dimerizes
and the cooperative binding reaction with the adjacently in solution and then binds at its cognate response elements.
bound dimer. When expressed in units of free monomer For promoters containing two tandemly linked response
concentration, the fractional saturation is then defined as elements, dimer binding is also coupled to cooperative
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interactions between each site. This series of reactions is A

- -

described schematically in Figure 2a; the quantitative — —

distribution of the predicted microstates and the microscopic ERE g8 ER B

energetics are shown in Table 1. In light of our previous SRFEE '3k k2 48

work demonstrating that PR dimerizes in solution only - g g Z E § g

weakly (19), with a dimerization constant in the micromolar ¥ - SRR BSECEEC

range when apparent DNA binding affinity is in the nano- ERERE 8.8 SR E

molar range, we also describe a thermodynamically equiva- - v L8 8 g TEETRNNRONS

lent, alternative pathway by which PR monomers bind at SEEEERIRE "RUScsne

each half-site, cooperatively recruit another PR monomer, 1 sz SRR

and generate intersite cooperativity as seen in the dimer ¥ : | E 88 .8 :

pathway. This mechanism is shown as the reaction in Figure § E 3 f f i ! - ! i EEEEfe

2b and in Table 1. Quantitative DNase | footprint titrations * s 22 g 1E b

of promoters containing either one or two palindromic i g 32 i g i 8 8

response elements were used to resolve the microscopi EREEERELRE

energetics associated with each pathway. The specific binding : ' &8 8 E - : & =5

site sequences and DNA sequence surrounding the two : 8 : & B 2 _;_ 82, -

palindromic response elements are shown in Figure 2c. EBEEE E - ; ES8SEE:T
Shown in Figure 3a is a quantitative footprint titration of EEEEERERERRRRRRE

the PRE- promoter template. It is evident that PR-B binding E 8 _ H g g S SEESE

is specific for the intact PRE (site 2) over a broad range of i ; = SRR 3

protein concentrations. (Dideoxy sequencing analysis indi-
cates that the DNAse protected region included the entire )

palindromic PRE and one to two additional nucleotides on __4
either side of the PRE). By contrast, point mutations in each

half-site of site 1 eliminate PR-B binding to that sequence. [PR-B]

Coincident with PR-B binding is the appearance of hyper-

=

sensitive sites directly adjacent to the boundaries of site 2. B 1s IR RS B e ]
As highlighted in Figure 2c, these sites mostly likely 145 ]
correspond to nucleotides located four to five basepairs 1.2 .
outside the canonical PRE. This increased nicking of the 1.0 ]
DNA does not reflect an artifact of PR-B influence on DNase - i
activity (30) since the effect was independent of the amount 1 1
or type of carrier DNA present (data not shown). Protein- y 067 ]
induced hypersensitivity is typically attributed to DNA A 7
bending. Consistent with this, circular permutation analysis 0.2+ .
of PR—PRE interactions demonstrated that both PR isoforms 0.0 ]
bent DNA when interacting at individual response elements 02 ]
(3D). 1 1
Shown in Figure 3b is the binding isotherm generated 047 ]
from integration of band intensities for five independent R b GO LOUIRD S GuARET At G
PRE.- footprint titration experiments. When plotted in units L Loz L 108 105 L
of total PR-B concentration, it is evident that half-saturation [PR o]

of the PRE site occurs at approximately 12 nM PR-B. When Ficure 3: Representative quantitative footprint titration and
the binding data are fit to a phenomenological Hill equation, individual-site binding isotherms qbta!neq for.PR-B binding to _the
Y = kx/(1 + kx"), we resolve am of 1.5 + 0.2, indicative PfRP%Elpromote:. (At) P'?Ef foof”“t tt'trf‘t;?”PgEag.‘t?- f?h?’g.a“f g
. . . o — promoter structure is shown to left. site 1 is indicate
ofa m_oderate COOPer?‘“V‘? effect cons_lstent W'th, th? shallow by the filled rectangle with a white line separating each half-site.
transition of the binding isotherm. Since the binding data Binding at site 1 in the PRE has been eliminated as indicated by
are presented in units of total protein concentration, the origin the “X”. PRE site 2 is indicated by the open rectangle, with a black
of this effect must be due to cooperativity arising from a line separating each half-site. The downward arrow indicates the

linked PR-B solution dimerization reaction. or DNA-induced direction of transcriptional initiation start site. Diamond headed
' arrows (right of image) indicate the appearance of hypersensitive

cooperative d!meri_zation of '_DR'B monomgrs. bands seen on both the PREand PRE promoter templates. PRE
Presented in Figure 4a is the footprint of the BRE sites were determined by dideoxy sequencing. (B) Binding isotherm
promoter template. As seen with the PREemplate, generated from five independent footprint titration experiments.

receptor binding is site-specific, with protection correspond- OPen squares represent binding at site 2 of the PRiEomoter.

ing to the entire response elements and one to two neighbor-;[)htehgnﬁiw;%‘t%rt‘ig]e data represents best-fit analysis of all datasets
ing basepairs. Binding is again accompanied by the appear- ’
ance of weak hypersensitive sites (small arrows) four to five
basepairs from each response element. However, seen only’RE, promoter is coupled to intersite cooperative interac-
on the PRE template is a more intense hypersensitivity tions, the appearance of this second type of hypersensitivity
induced in the region between response elements (largesuggests that cooperativity between PREs is accompanied
arrow). Since we show below that receptor binding to the by additional bending or deformation of the promoter
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A located between the two palindromic response elements (see
Figure 2c). At the highest PR-B concentrations, nonspecific
binding is observed, seen as a footprint appearing over all
£ Ri DNA bands. Binding data generated at these high protein
: concentrations were not used in any subsequent analysis.
The isotherms for binding at sites 1 and 2 of the PRE
template (carried out in triplicate) are shown in Figure 4b.
Separate analysis of binding at sites 1 and 2 using the Hill
equation was made difficult by the noise in the data.
However, collective fitting of the six individual-site binding
isotherms to the Hill equation resolves arof 1.8 + 0.4,
suggestive of additional cooperative contributions (likely due
to interactions between the two palindromic binding sites)
N B compared to binding at the PRE promoter template.
EEEDE Consistent with this, the binding transitions occur with half-
s = : saturation values of 4 nM and are steeper in appearance
EEEEREERRERE compared to binding on the PREtemplate (Figure 3.)
: Preformed Solution Dimers Bind at DNA Response Ele-
£ = 2 B & SEES8E i ments with Picomolar AffinitiesThe data presented in
SRS SEREESEEEREE: Figures 3 and 4 indicate that PR-B binds with roughly
2 EE R EREEERE nanomolar apparent binding affinity and that binding both
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SEREE R g E: within and between palindromic response elements is
1 SE R §E588¢: somehow cooperatively driven. However, this information
_ lends minimal insight into the mechanisms by which PR-B
assembles at a promoter template. One approach to elucidat-
[PR-B] ing these mechanisms is to resolve the intrinsic and coopera-
tive binding energetics that make up the macroscopic
B 16 +——rm——rmr—— apparent binding affinity. As described in Materials and
14 il Methods and in Table 1, this approach entails constructing
physically meaningful equations that describe binding at each
site, then carrying out a global analysis of all datasets.
Equation 2, describing a reaction in which preformed (and
hormone-bound) dimers bind at sites 1 and 2 of the PRE
i promoter, and eq 3, describing preformed dimers binding at
i the PRE- promoter, were used to simultaneously fit the three
i datasets shown in Figures 3b and 4b. This model is also
presented schematically in Figure 2a. As represented by the
: solid lines in Figure 5a, it is evident that the solution dimer
bl " [ binding model well describes the data. (Note: Since binding
-0.4 1 il at sites 1 and 2 of the PREpromoter is described by the
0.6 P same equation (eq 2), the two predicted isotherms overlay
1011 10-10 109 108 107 104 each other and thus appear as one blue line in Figure 5a).
The resolved free energy values from the dimer pathway
[PRotal] : P
FiGurRe 4: Representative quantitative footprint titration and mOd-el are _re_ported In- Table 2. As Sh(-)wn' the intrinsic
individual-site binding isotherms obtained for PR-B binding to the _bln_dl_ng affln_lty of _a I|ganded_PR-B dimer towarq an
PRE promoter. (A) PRE footprint titration image. Schematic of  individual palindromic PREAG) is —12.8 kcal/mol, which
PRE promoter structure is shown to left. PRE site 1 is indicated translates to a dissociation constant of 81 pM. This strong
by the filled rectangle with a white line separating each half-site. intrinsic affinity contrasts with the nanomolar binding

PRE site 2 is indicated by the open rectangle, with a black line it i i ; ;
separating each half-site. The downward arrow indicates the transitions seen in Figure 3 and typically observed in

transcriptional initiation start site. Diamond headed arrows (right semiquantitative g_el shift assay8)( The rreason for th_|s_
of image) indicate the appearance of hypersensitive bands seen o@pparent paradox is that the PR-B dimerization dissociation
both the PRE- and PRE promoter templates. Large arrow indicates constant under these solution conditions is only2/1(19).

the appearance of the hypersensitive bands seen only on the PREThus, at a total PR-B concentration in the nanomolar range

promoter template. PRE sites were determined by dideoxy sequency,qcassary to initiate DNA binding, the PR-B dimer concen-
ing. (B) Binding isotherms generated from three independent ’

footprint titration experiments. Symbols represent binding at site 1 {ration comprises less than 0.1% of the total protein popula-
of the PRE promoter (filled circles) and binding at site 2 of the tion and is thus picomolar in concentration.
PRE; promoter (open circles). The line through the data represents PR-B Binding to Multiple Response Elements Is Coupled
best-fit analysis of all individual-site binding isotherms to the Hill g Significant Intersite Cooperatity. In the context of the
equation. preformed dimer binding model, the resolved intersite
cooperative free energ\Ge,) is —2.5 kcal/mol. This value
complex. Sequencing analysis indicates that the hypersensitranslates into a 99-fold increase in overall stabilization of
tive regions correspond to several nucleotides centrally the fully ligated PREcomplex compared to a noncooperative

1.2—-
I.O—-
0.8-
0.8—‘

=~

0.4
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A 12 Table 2: Resolved Free Energy Changes for PR-BAPBIEding
Interactiond
1.0 -
| monomer pathway(kcal mol?) dimer pathwa§(kcal mol?)
0.8 - AG;=-9.44+0.2 AG,=—-12.8+0.1
1 AGg =—0.9+ 0.5 AG,=—-25+0.1
— 064 e AGgp=—-3.3£0.5 AGyi=—7.2+0.74
Y 04 _ aValues calculated usindG; = —RT In k;; errors correspond to
o ] 67% confidence interval$.Square root of the variance was 0.071
02 apparent fractional saturation unitsSquare root of the variance was
< ] 0.073 apparent fractional saturation unit&ree energy change for
| solution dimerization was measured independently using sedimentation
007 )} equilibrium (19).
-0.2 Ty
1ot 1ot 10° 108 107 10 analogue. By basic theorB?), one can demonstrate that

the 99-fold overall increase will partition to each PRE as
the square root of the value, and thus appear as a nearly
10-fold increase in stabilization of binding for each site This
degree of cooperativity is large enough to cause the binding
isotherms to approach their asymptotic limits of steepness
(32) and is comparable in value to that seen in classical
interacting systems such as therepressor-right operator
genetic switch Z8). And yet, comparing the half-saturation
values for binding at site 2 on the PREpromoter (~12
nM) versus the PREpromoter (-4 nM) there appears to be
only a 3-fold per site enhancement of DNA binding affinity.
The discrepancy once again occurs because the data are
presented in units of total free PR-B concentration, rather
than in units of the active binding species (i.e., PR-B solution
107810 A0 e A0 e 108 0t dimer concentration). The discrepancy in apparent binding
[PRaimer] affinities and degree of cooperativity can be better appreci-
T ) ated in Figure 5b. Plotted are the binding isotherms for sites
] / s 1 1 and 2 of the PREpromoter and site 2 of the PRE
0.8 ! )/ ] promoter based on the resolved energetics, now presented
[ ] in units of free PR-B solution dimer concentration (as
/ 1 calculated by the experimentally determined free energy of
/ ] dimerization (9)). The 81 pM intrinsic binding affinity is
1 now clearly revealed as a half-saturation value in the PRE
7 § binding isotherm. Likewise, the 99-fold increase in overall
! : binding affinity is more accurately visualized via the
0.2 s ] predicted approximate 10-fold increase in affinity at each
1 &.«,f ] site within the PRE promoter compared to the PRE
- 1 promoter.

0 o 10e os 107 100 Energetics of a Putate Monomer Binding Pathway.
Although it is clear that the data can be well described by a
[PRmcncme] pathway in which only preformed, solution dimers bind

FiGURE5: Pathway-dependent analysis of cooperative PR-B binding PNA, our recent work demonstrating that hormone-bound
to the PRE and PRE_ promoters. (A) Individual-site binding ~ PR-B is predominantly monomeric under the concentrations
isotherms and associated model dependent fits. Symbols representvhere DNA binding occurs1Q) led us to evaluate the

binding at site 1 of the PREpromoter (filled circles); binding at ~ receptor monomer as the active DNA binding species. As

site 2 of the PREpromoter (open circles); and binding at site 2 of : ; : ;
the PRE- promoter (open squares). Lines represent best-fit global .nOted in Materials and Methods, an assumption of this model

analysis of all data shown in Figures 3b and 4b using the dimer- IS that the energetics of each putative monomer/half-site
binding pathway (solid lines; egs 2 and 3) or monomer-binding interaction are identical. The validity of this assumption is
pathway (dashed lines; egs 4 and 5). For clarity, only a single based on a detailed analysis of the RREBinding data in

representative set of footprint titrations are presented; all data seenjgg|ation (See Figure 3). Quantitation of each half-site within

in Figures 3b and 4b were used in the global analysis. Data are : : : - : S
presented in units of total PR-B concentration. (B) Predicted binding the palindromic PRE (i.e., treating the palindromic site as

isotherms from the best-fit dimer-binding pathway analysis pre- tWo individual binding-sites) generated binding isotherms
sented in units of free PR-B dimer concentration (as calculated from that, within error, were identical to each other and to the
the experimentally determined free energy of dimerization). Red composite isotherm in Figure 3b. Identity of isotherm shape
and blue lines represent binding to PREand PRE promoter  anq affinity is suggestive but not conclusive evidence in favor

Leirr?d?:]age%;ﬁ]ﬁ’ggt"F’)‘?g’ée(ﬁt)e%esi;'f'hﬂli?sbal)?ngg?és ?Iége monomer of identical intrinsic affinities; if PR-B interactions at each

concentration. Red and blue lines represent binding to the, PRE half-site were of differing affinities but bound highly
and PRE promoter templates, respectively. cooperatively, the curves would also appear to be nearly

C 10—y

0.6+

0.4

~———
-~
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identical. However, a highly cooperative binding reaction cooperative increase in affinity seen between binding at
would be revealed by a steep binding transiti@ntype of PRE- and PRE appears only as the square root of the 20-
transition not seen in the PREisotherm. Indeed, computer fold per-site cooperativity termabout a 4.5-fold increase.
simulations suggest that the maximal amount of cooperative

free energy and the maximal difference in the intrinsic half- DISCUSSION

site binding affinities that would still be consistent with the , , i ) o

data are-1 and 0.35 kcal/mol, respectively (data not shown). INSight into cooperative protefDNA binding mecha-
These differences in the intrinsic binding affinities would NiSMS requires resolution of the microscopic energetics of
be undetectable using quantitative footprinting. We thus Pinding; macroscopic “apparent” binding affinities are of

conclude that putative monomer binding to each half-site is IMmited utility since they typically represent a composite of
isoenergetic, at least within the noise of the data. highly correlated interaction parameters. Quantitative DNAse

By globally fitting the three binding isotherms to a f?otprint titrlation isI one Ef the felvvtechniql;(_as tha; islcapable
monomer pathway DNA binding model (Figure 2b and eqs Oh accurately resol ving t hgse yahues. F(_)rt r']s 93”'0‘4 arl study,
4 and 5), we resolved the intrinsic energetics of monomer € Symmetry relationships inherent in the identical PRE

binding to a PRE half-siteGy), an intrasite cooperativity binding sites, and the independent determination of the PR-B

term associated with recruiting a second monomer to the half-dimerization constant were also critical and necessary factors

site (AG1), and an intersite cooperativity term defined as in completing Fhe analy;is. The implications of the results
described previously for the preformed dimer binding model N PR-B function are discussed below.

(AG,) (Tables 1 and 2). This analysis reveals several Interactions at Indiidual Response Elements: Intrinsic
interesting results. First, as represented by the dashed linegersus Apparent Binding Affinitieés seen in Figure 5a, a
in Figure 5a, the monomer binding model well describes the PR-B dimer (regardless of kinetic binding mechanism) has
data. Second, the quality of the fit to the data is essentially anapparentaffinity toward a single PRE of approximately
identical to the dimer binding model (standard deviation of 12 nM. The receptor also shows evidence of intersite
0.071 apparent fractional saturation units for the monomer cooperativity when binding is analyzed on a promoter
binding model versus 0.073 units for the dimer binding containing two PREs. These results are entirely consistent
model). Put another way, the equilibrium binding data cannot With previous semiquantitative analyses of FRRE interac-
distinguish between the alternative kinetic pathways repre- tions carried out under similar solution conditiorg (2).
sented in Figure 2. Third, the intrinsic energetics of a putative However, the quantitative analyses presented here reveal new
PR monomer binding reaction i59.4 kcal/mol, which and surprising information unobtainable from those earlier
translates to a 39 nM dissociation constant. Finally, with studies. Most striking is that the intrinsic affinity of a
regard to the intrasite cooperativity term, global analysis of preformed PR-B solution dimer toward an individual PRE
the data resolved a value of on#y0.9 kcal/mol. This weak  is not 12 nM, but rather 81 pM. Although this roughly 150-
interaction translates to only a 5-fold increase in binding fold increase in affinity may seem unexpected in the context
affinity and is reflected in the shallow transition of the RRE  Of nuclear receptor biochemistry, a picomolar affinity for a
binding isotherm. The large error associated with this term DNA binding protein under low salt concentration is not out
arises because intrinsic binding affinities and cooperativity Of the ordinary. What the binding affinity of PR-B dimers
terms are typically highly correlated, making it difficult or might be under physiological conditions is difficult to

impossible to uniquely resolve their value3), It is only estimate, since not only does the intrinsic binding affinity
because binding to the PRE is weakly cooperative that we likely decrease as a function of increasing salt concentration
were able to resolve this parameter. (34), but the dimerization constant is also strongly salt

In contrast to the small intrasite cooperativity term, the dependentX9). Thus, if PR-B binds to response elements
resolved intersite cooperativity parameter is large and nega-as a preformed solution dimer, then these two forces conspire
tive, having a value of-3.3 kcal/mol. This free energy term  to greatly weaken the apparent binding affinity as the salt
translates to a 400-fold increase in overall binding affinity concentration is increased. This may explain why biochemi-
and thus a 20-fold increase in the per-site b|nd|ng aﬁ|n|ty cal studies of recepthDNA interactions have hiStoriCa”y
(32). Further, it is qualitatively consistent with the same been carried out under low salt (565 mM) conditions.
parameter resolved in the dimer binding modeR(5 kcal/ Perhaps even more surprising is the intrinsic affinity for
mol), although the results are slightly outside the 67% a putative monomer binding pathway. The intrinsic affinity
confidence intervals. If PR-B is competent to bind response for a PR-B monomer toward an individual half-site is 39
elements as a monomer, this discrepancy might suggest thahM (Table 2). This result suggests that it should be possible
there are additional types of cooperativity not accounted for to directly measure binding of PR-B at an isolated half-site
in our model (e.g., an intersite cooperative contribution to (even though the dogma states that this reaction is not
the triply ligated state.) Additional reduced-valency templates kinetically allowed). Our own attempts to determine whether
will be necessary to realistically examine this possibility. PR-B binds to an individual half-site have been equivocal:
Shown in Figure 5c are the predicted binding isotherms when Footprint titration studies using a promoter template that
plotted in units of free PR-B monomer concentration. Unlike contains only a single half-site demonstrate that the sequence
the large difference seen between plots in Figure 5a,b, thebecomes occupied in the nanomolar range exactly as
minimal change in plot 5a compared to 5c¢ is partly due to predicted by our model, but half-site occupancy is also
the weak dimerization constant resulting in the PR-B coupled to nonspecific binding in the surrounding flanking
monomer concentration to be nearly identical to the PR-B sequences, making quantitation and interpretation difficult
total protein concentration. Second, since the stoichiometry (data not shown). Notwithstanding this result, only rigorous
of monomer binding at each palindromic PRE is 2:1, the pre-steady-state kinetic analyses will definitely reveal whether
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PR-B (or other steroid receptors) can interact with its A

response elements as a monomer or dimer, and this work is i ] i i ' '
ongoing in our laboratory. 0.8 \

A second outcome of the monomer pathway analysis is ] b
that there is minimal intrasite cooperativity. That is, the & 0.6 /
binding of one PR-B monomer to a PRE half-site increases = ]
the affinity of binding a second monomer by only 5-fold E 0.4
(—0.9 kcal/mol), making the binding isotherm for binding ]
to PRE- nearly Langmuir in shape. This result stands in 0.2
sharp contrast to the highly cooperative binding transitions
seen when deletion constructs of glucocorticoid receptor and 0.0 , - YL
progesterone receptor dimerize on their response elements 101 1010 10° 108 107 10%
(11, 25, 26, 35). If PR-B monomers bind DNA, this [PRend
difference in cooperative binding suggests that residues i
outside the canonical DBD constrain the ability of the full- il G
length receptor to assemble on the DNA. The quantification ]
and functional implications of this constraint are explored 0.81 ]
later in the Discussion. ]

Itis difficult to compare the resolved energetics to that of £0.6 4
other steroid receptors since, with the possible exception of = ]
the estrogen receptor (ER), no thermodynamic DNA binding = 0.47 7]
studies have been carried out on any other intact nuclear ]
receptor. Fluorescence anisotropy and surface plasmon 0.2 ]
resonance studies of estrogen receptor interactions with ]
palindromic response elements resolved apparent dissociation 0.0
constants in the low nanomolar rang®6,(37). However, | it €l 1 R | St [+ SN §
since these studies did not explicitly take into account ER [PRa

self-assembly energetics, it is not possible to make direct Ficure 6: Predicted population distribution of each macroscopic
comparisons to the present data. Comparison is made moré®R-B:PRE ligation state and proportion of PR-B solution dimers.
difficult since an important distinction between the estrogen (%) Population distribution of ligation states as predicted by the

. . dimer-binding pathway energetics (Table 2). Unligated PRE
receptor and progesterone receptor is that the two proteins,omoter (dashed line): singly ligated promoter (solid line); doubly
likely have significantly different dimerization constants, with  |igated promoter (dotted line). Proportion of PR-B dimers is
ER dimerization thought to occur in the nanomolar range, represented by+" symbol. Schematic representations of each
while PR-B dimerization occurs in the micromolar range TaCBf)O;CODif? tl'igat:jqnts'tt)atte arefa|1_s dtQSCfi?etCé sinazig?’éﬁift ea(;lg Ttérl]t:e

: H : H : : . opulation aistribution or ligation stal

(19). The implications .Of the weak PR-B.d|mer|zat|lon mo(nomef-binding pathway energetics. UnligatedpEIBE)mote)r/
constant are presented in Figure 6. Shown is the fractional gashed line); singly ligated promoter (solid line); doubly ligated
population of PR-B dimer as determined by analytical promoter (triangles); fully ligated promoter (dotted line). Proportion
ultracentrifugation 19), and the fractional population dis- of PR-B dimers is represented by-" symbol. The triply ligated
tributions of the various ligation states of the PRffomoter ~ State never reaches more than 1% of the population and is thus not
as predicted by the dimer-binding pathway and monomer- ;rr'gvgg' dsecshcermggcirr]eggejre;?t;onn; ?;g%cq.macroscomc ligation state
binding pathway energetics. As expected, all intermediate
ligation states are significantly depressed due to the large
intersite cooperativity term. Moreover, it is evident that increase in affinity as seen by O’Malley and co-workerg)
regardless of which model we use to analyze the data, Intriguingly, the resolved cooperative free energies are nearly
promoter binding occurs under receptor concentrations inidentical to those seen in the repressor-right operator
which the hormone-bound protein is entirely monomeric. system of bacteriophagé (39, 40). The large intersite
This observation raises the question as to whether thecooperativity associated with repressor binding to the right
traditional model that only preformed receptor dimers interact operator ensures a stable but highly efficient molecular switch
with response elements is correct. Although it is possible (41): Minor fluctuations in repressor levels do not cause a

for a DNA-binding protein to be largely monomeric in
solution yet still bind as a preformed dim&§], the results
presented here clearly warrant a more critical investigation
of PR-B binding mechanisms.

Consequences of a Large Intersite Coopemtiree
Energy. Regardless of whether PR-B binds individual

change in transcriptional response due to the enhanced
stability of the represserDNA complex, but significant
changes in repressor levels associated with various environ-
mental insults cause a rapid and irreversible transition to the
lytic phase. Presumably, the cooperative contributions to this
system need to be large since only two protethsepressor

response elements as a preformed dimer or a DNA-inducedandcro repressor, regulate the switch from lysogeny to lysis.

dimer, binding to multiple response elements is coupled to
a large intersite cooperative free energy ranging freens

to —3.3 kcal/mol. This energetic contribution translates to a
99- to 400-fold increase in overall binding affinity (ap-
proximately 10- to 20-fold increase on a per site basis) and
is in good agreement with the original report of a 100-fold

By contrast, in the eukaryotic environment PR-B is likely
to be only one of roughly 50 proteins involved in transcrip-
tional regulation of a single promotetd, 43). Further, these
interactions appear to be highly unstable, kinetically driven
processes. Thus, while many of the protepmotein and
proteinr—DNA interactions are likely to be cooperative,
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cooperativity at the level of PR-B:PRE interactions might of which kinetic pathway PR-B follows. Indeed, it can be
be expected to be only moderate to not overwhelm efficient visualized in the data as the weakly cooperative binding
and responsive promoter function. The large degree of transition seen in the PREbinding isotherm (Figure 3a).
cooperativity seen in the PRBystem (and the strong PR-B Functional Consequences of an Allosteric or Structural
mediated transcriptional response seen on this promoter) mayConstraint.lt is quite likely that the observed thermodynamic
thus be more a consequence of artificially creating multiple penalty reflects the cost of rearranging steroid receptor or
palindromic binding sites for PR-B and less a reflection of DNA structure upon binding at PR-regulated promoters. As
the properties of a natural PR-regulated promoter. This may observed by biochemical and spectroscopic approaches,
further suggest that the role of cooperativity in higher numerous studies have demonstrated that steroid receptor
eukaryotic systems serves a different role than for viruses binding at response elements is accompanied by large-scale
such as bacteriophage Exactly what that role might be  structural changes outside the canonical DNA binding
remains speculative until we obtain an understanding of how domain (DBD) @5, 26, 45—47). These changes are often
the time-dependent microscopic configurations of PR binding localized to unstructured (possibly natively unfolded) tran-
(and associated coactivator interactions) are coupled toscriptional activation domains and are thought to be coupled
transcriptional activation. to recruitment of coactivating proteins. In light of the
The molecular mechanisms underlying intersite coopera- enormous energetic cost associated with binding, it is difficult
tive binding in nuclear receptors are unclear. Unlike the caseto imagine that these structural changes are not dramatic and
of A cl repressor, there is no evidence for a domain associatedmportant, even if they can appear subtle by macroscopic
with cooperativity 41). Our own limited proteolysis and measurements. As alluded to earlier, it is also likely that the
chemical cross-linking studies of the PR-B:PRBmplex penalty is associated with bending of the palindromic
show no indication of large-scale protein structural transitions response element as seen in both promoter templates (see
or direct protein-protein interactions associated with coop- Figure 3a,b, small arrows). With the present data, it is not
erative assembly (data not shown). However, as discussedoossible to dissect the energetic penalty into its protein and
earlier, examination of the PREootprint (Figure 4a) shows  DNA-mediated contributions, although a procedure for doing
hypersensitive bands coincident only with cooperative PR-B so has been developed]. If it is the case that this penalty
binding. It is thus likely that the molecular origins of intersite is indeed associated with a functionally linked rearrangement
cooperativity are coupled to conformational changes in the of receptor structure, the present work represents the first
DNA. Additionally, bending of the promoter complex may step toward a physical understanding of interdomain com-
be associated with forming the proper architecture for munication in an intact nuclear receptor.
recruitment of additional transcription factors, beyond al- A second functional possibility is based on a thermody-
lowing close contact of adjacent receptor dimers. If this is namic argument rather than a structural one. Although steroid
the case, the intrinsic interaction energetics between receptorreceptors can exist in solution as monomers and dimers, one
dimers must be quite strong, since DNA bending would would predict that the dimer species should dominate DNA
normally be expected to penalize cooperative interactions. binding simply because the rotational and translational
Further analysis of the hypersensitive sites associated withentropic costs associated with saturating a palindromic PRE
intersite cooperativity and their role in PR-B binding are paid only once4@). However, the unfavorable contribu-
mechanisms is currently under investigation. tion to PR-B binding attenuates this inherent advantage to
Unfavorable Contributions to PR-B Binding at Inddual dimers and thus allows monomers to (putatively) compete
PREs.This thermodynamic analysis of PR-B/DNA interac- with the dimers for interactions at response elements. As
tions demonstrates that receptor dimers, and potentially represented in Figure 6b, the energetic penalty to PR-B dimer
monomers, bind with unexpectedly high affinity. However, binding results in the singly ligated promoter state to be
an analysis of the parameters in Table 2 reveals that bindingsignificantly elevated over a broad concentration range
to individual response elements is also accompanied by acompared to the doubly and triply ligated states. In the
large energetic penalty. This penalty is exemplified by absence of the energetic penalty, the population of all
comparing the free energy of forming a PR-B dimer from intermediate ligation states would be minimal, causing PR-B

two monomers in solutionXGg = —7.2 kcal/mol) @9) binding at the PREpromoter to result in a two-state switch,
versus forming the dimer from two monomers bound to a either fully saturating or desaturating the entire promoter.
palindromic PRE AG.; = —0.9 kcal/mol). By simple Given the complexity of eukaryotic promoter function, the

arithmetic, it is evident that dimerization on the PRE (i.e., functional utility of a two-state switch is unclear. It is worth
DNA-induced dimerization) is associated witht#.3 kcal/ hypothesizing that the unfavorable contribution to PR-B
mol unfavorable contribution compared to solution dimer- binding thus serves to enhance the role of monomer function
ization. Importantly, since the free energy change associatedvia populating singly ligated intermediate states; this may
with saturating a promoter is conserved regardless of the be especially relevant if natural promoters contain multiple
binding pathway, this unfavorable contribution can equally half-site response elements as is suggested by computer
be interpreted as a penalty against a preformed dimer bindinganalysis. Clearly, more detailed analyses of steroid receptor
to a palindromic PRE: As seen in Table 2, a dimer binding promoter interactions will be necessary to confirm the roles
to a PRE is associated with-a12.8 kcal/mol free energy = of monomers, dimers, and microstate configurations in
change, while the energy change associated with adding twotranscriptional activation. In particular, thermodynamic stud-
monomers to a PRE i518.8 kcal/mol. Thus, dimer binding  ies of the A-isoform of PR will reveal whether it follows a

is energetically penalized relative to successive monomersimilar or different trend as the B-isoform and whether the
binding by+6.0 kcal/mol. This penalty, termed a connection results might explain the unique transcriptional and functional
free energy AGconneq) by Jencks44), must hold regardless  properties of the two proteins.
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