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The Biotin Repressor: Thermodynamic Coupling of Corepressor Binding, Protein
Assembly, and Sequence-Specific DNA Binding
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ABSTRACT. The Escherichia colibiotin repressor, an allosteric transcriptional regulator, is activated for
binding to the biotin operator by the small molecule biotinyp®1P. Results of combined thermodynamic,
kinetic, and structural studies of the protein have revealed that corepressor binding results in disorder to
order transitions in the protein monomer that facilitate tighter dimerization. The enhanced stability of the
dimer leads to stabilization of the resulting biotin repressmotin operator complex. It is not clear,
however, that the allosteric response in the system is transmitted solely through the-podésin
interface. In this work, the allosteric mechanism has been quantitatively probed by measuring the biotin
operator binding and dimerization properties of three biotin repressor species: the apo or unliganded
form, the biotin-bound form, and the holo or bi6AMP-bound form. Comparisons of the pairwise
differences in the bioO binding and dimerization energetics for the apo and holo species reveal that the
enhanced DNA binding energetics resulting from adenylate binding track closely with the enhanced
assembly energetics. However, when the results for repressor pairs that include the biotin-bound species
are compared, no such equivalence is observed.

Linked equilibria, which provide a means of controlling factors can be controlled by post-translational modification,
the occupancy of transcription regulatory sites by transcrip- small ligand binding, or other proteirprotein interactions
tion factors, are ubiquitous in the regulation of transcription (1—3). However, in systems that function via regulated
initiation. Processes that may be coupled to DNA binding assembly or disassembly, it is not clear that the functional
by transcription factors include small ligand binding events changes (i.e., occupancy of regulatory sites and thus tran-
(2), post-translational modificatior2), and protein-protein scription levels) in the system are solely attributable to
interactions 8). Furthermore, examples of both positive and changes in the assembly energetics. In short, it is not known
negative coupling have been characterized. In the classicif the altered energetics of binding to the DNA regulatory
allosteric DNA binding systems, including the purine and site reflect only altered assembly energetics.
lac repressors, where the proteins form stable oligomers, The biotin repressor is an example of a system in which

binding of a small molecule effector shifts the orientation small ligand binding promotes DNA binding by enhancing

Ok: thi DITIA_bindring“f_d”ol;nains of ;he prot_ein rcr;oDnomers, repressor dimerization8¢10). The protein serves as the
thereby altering the *fit” between the protein and DNA.( repressor of transcription initiation at the biotin biosynthetic

In the purine repressor for which the small molecule enhancesOperon (1). It is also the enzyme that catalyzes covalent

IDNA binding gffinitg, ;heﬁ[it _its i;nprgxlepfj _!ﬁ),dwhile in Lhe linkage of biotin to the single biotin-dependent carboxylase,
ac repressor in which affinity tor IS decreased as a acetyl-CoA carboxylasel((—13). This latter reaction occurs

ggzigqm'}lt?a mﬁvi(t)rf] |Iinglrj13et;int:jlinndmg'|ntgﬁ ::IIttelrsnz:t?vrgarw?)rgclesled in a two-step process involving the initial synthesis of the
9 A adenylate of biotin, biotinyl-SAMP, followed by linkage

fqr allosteric regulation of DNA binding, the gllqsterlc signal of the biotin to a single lysine residue on the biotin carboxyl
dictates the level of occupancy of the transcription regulatory . : o

. X . .2 carrier protein of the transcarboxylask4). In addition to
site by altering the assembly energetics of the transcription. . e ;
factor (7). This phenomenology is common because, given Its funct|on_ as an en_zymatlc mt_ermedlate, the a(_jenylate
the oligomeric nature of transcription regulators, the overall promotes binding of BirA to the biotin operathE(). B'OO. .
stability of the regulatory complex reflects not only the binding has b_een shown fo oceur by cooperatlvg association
energetics of the proteirDNA interfaces but also the of two protein monomers with the two half-_snes Qf the
thermodynamic stability of the proteirprotein interfaces operator {6). Furthermore, adenylate binding is positively

o led to BirA dimerization§). Studies of mutants indicate
relevant to these complexes. Assembly of transcription S9YP : . e ; )
P y P that defects in the ligand binding domain of the protein that

t This work was supported by NIH Grant R0O1-GM46511 to D.B. resultin a decreased level of DNA binding both in vivo and

The Beckman-Coulter Analytical Ultracentrifuge was purchased with in vitro correlate with a loss of the ability to assemble into

funds obtained through NIH Shared Instrumentation Grant S10- 4; ;
RR15899 0 D.B. dimers 0, 12). The accumulated results suggest an allosteric
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of bioO by BirA is regulated by the allosteric effector, bio-
5'-AMP, via its influence on assembly energetics. What is
not clear is the level of correlation between energetic effects
on assembly and bioO binding. In short, does the enhance-
ment in DNA binding affinity associated with bid-BMP
binding track with the observed enhancement in dimerization
energetics?

This work addresses the quantitative relationship between
small ligand binding, dimerization, and DNA binding in the
biotin repressor system. The bioO binding properties of three
BirA species, apoBirA, BirAbiotin, and BirAbio-5-AMP,

' :‘% N ) were determined by DNasel footprinting. Results of these

,;‘ measurements reveal that all three species bind to the
operator specifically and cooperatively. Moreover, while the
total Gibbs free energy of bioO binding by Bif#iotin is
approximately—1.6 kcal more favorable than that for binding
by apoBirA, the physiological effector, bid-B\MP, en-
hances the DNA binding energetics by.5 kcal/mol. The
assembly properties of the three repressor species were
Ficure 1: Model of allosteric activation of the biotin repressor by assess_ed using sedlr_ne_ntatlon qu'“b”_um: Analysis of these
ligand binding. Small ligand binding is positively coupled to data yields a lower limit for the dimerization constant for
dimerization of the repressor. The enhanced dimerization energeticsapoBirA of 2 mM, a value of approximately 1 mM for the
result in a more stable protetDNA complex. The regions of the BirA-biotin complex, and a value of AM for holoBirA.

aporepressor model that appear as springs represent segments gi,o compined results indicate that the difference in assembly

the polypeptide chain that are disordered in the unliganded monomer . : P L -
structure and visible in the structure of the dimer. The locations of €N€rgetics for the apoBirA/BirAio-5-AMP pair is equiva-

the partially disordered loops in the aporepressor are indicated withlent to the difference in bioO binding energetics. However,
labels. The models of the aporepressor monomer and the BirA for any pair of species that includes the biotin-bound protein,
biotin dimer were created using MolMoR2() with Protein Data no such equivalence is observed.

Bank entries 1BIB and 1HXD, respectively, as input.

. . MATERIALS AND METHODS
Structures of both apoBirA and one liganded form of the

protein have been determined by X-ray crystallogragty ( Enzymes and ChemicalBhe restriction enzymedindlll
17). The aporepressor is a 35.3 kDa monomer that is folded and Pst and the Klenow fragment of DNA polymerase |
into three domains: an N-terminal DNA binding domain, a were obtained from Promega. The DNasel was purchased
central catalytic domain, and a C-terminal domain that is from Worthington Biochemicals, and thef?P]JdATP and
now known to function in transfer of biotin to the acetyl- dGTP used in the radiolabeling of DNA were from Amer-
CoA carboxylase {7—19). The aporepressor is also char- sham Pharmacia Biotech. Thebiotin and ATP were from
acterized by four partially disordered surface loops that are Sigma. All other chemicals used in the preparation of buffers
indicated in Figure 1. The available structure of the BirA were reagent or analytical grade. BiotinytAMP was
dimer is that of the biotin-bound repressd). Although synthesized in this laboratory and purified as described in
the substrate biotin is not the physiological corepressor in ref 14, and BirA was purified as previously describekby,
this system, it has been shown to activate the DNA binding Preparation of DNA for FootprintingThe plasmid pBioZ
function of BirA, albeit more weakly than does bi6AMP (16) containing the biotin operator, bioO, was digested with
(19). In the dimer structure, the interface is formed by side- HindllIl, and the resulting ‘3recessed ends were filled in with
by-side alignment of thg-sheets of the central domains of [¢-32P]dATP and dGTP using the Klenow fragme®).
each monomer. In addition, three of the four loops that are | abeled DNA was purified over an Elutip column (Schleicher
partially disordered in the aporepressor are located in theand Schuell) and then digested wisi. The resulting
dimer interface (Figure 1). While one of these loops was restriction fragments were resolved on a 1% agarose gel,
shown by analysis of mutants to participate in biotin, bio- and the bioO-containing fragment was recovered by elec-
5'-AMP, and bio binding and dimerization, mutations in the troelution 3). Following purification over an Elutip column,
other two loops have been shown to perturb only DNA the DNA was concentrated by precipitation, resuspended at
binding and dimerization9 21). These combined results  a concentration o&£20000 cpmL in 10 mM Tris-HCI (pH
have led to the formulation of a model for allostery in this 8.0) and 0.1 mM EDTA, stored at 4C, and used for
system in which small ligand binding drives folding of these footprinting for up to 3 weeks.
surface loops. The folding stabilizes dimerization by reducing  pNasel FootprintingDNasel footprinting was performed
the entropic penalty associated with the process. as previously described §) following a modification of the

To understand linked equilibria, it is important to dissect methods outlined by Brenowitz et al24). The reaction
the quantitative effects on individual interactions and the buffer contained 10 mM Tris-HCI (pH 7.5 at 2C), 50 mM
resulting functional consequences for the system. In a simpleKCl, 2.5 mM MgCh, 1 mM CacCl}, 2 ug/mL sonicated calf
transcription control system, the level of occupancy of the thymus DNA, and 10@g/mL BSA. The small ligands biotin
DNA regulatory sequences determines function in transcrip- or biotin and ATP were present at concentrations at which
tion initiation. In the biotin regulatory system, occupancy BirA is known to be saturated with either the substrate or
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the intermediate4, 25). For binding experiments performed
in the presence of biotin, the ligand was added to a final
concentration of 5uM. DNA binding experiments per-
formed with biotinyl-3-AMP included 5QuM biotin and 500
uM ATP. Each 20QuL binding reaction mixture contained
12 000 cpm of radiolabeled DNA at a final concentration of
approximately 20 pM and BirA at an appropriate concentra-
tion. Reaction mixtures were allowed to equilibrate at 20
°C for 1 h. DNasel digestion was initiated by the addition
of 5 uL of 0.2 ug/mL DNasel prepared in reaction buffer
without calf thymus DNA and BSA immediately prior to

use. The digestion was allowed to proceed for 2 min at 20

°C and quenched with 33L of 50 mM N&EDTA, and the
DNA was precipitated by the addition of 7¢Q of 0.4 M
NH4OAc and 50ug/mL tRNA in absolute ethanol. The
pellets were washed twice with 5@ of cold 80% (v/v)

absolute ethanol in water and lyophilized. The resulting dried

pellets were resuspended inul of gel loading buffer
containing 80% (v/v) deionized formamidex ITBE, 0.02%
(w/v) bromophenol blue, and 0.02% (w/v) xylene cyanol,
heated for 10 min at 90C, and separated on a 10%
denaturing acrylamide gel.

Sedimentation Equilibrium Measuremerggdimentation

Biochemistry, Vol. 41, No. 48, 200214265

of bands representative of each bioO operator half-site at
all protein concentrations were integrated and binding curves
generated as described by Brenowitz et22).(All binding

data were analyzed by nonlinear least-squares techniques
with NonLin (27). The low concentration of DNA present

in the binding reaction mixtures permits the assumption that
the free BirA concentration is equivalent to the total BirA
concentration. Data were analyzed using the following
equations

2
v,— Ky[P] + Kykok;[P] : W
1+ (ky + k)IP] + kykoky [Pl
Y, Ko[P] + Ky koky [P )

1 (k + k)[P] + kykoky JPT

that relate the fractional occupancy of each operator half-
site, Y7 andY,, to the total protein concentration in monomer
units, [P]. The term; andk; are the intrinsic equilibrium
association constants governing binding of a repressor
monomer to each of the half-sites, andis the equilibrium
constant for the cooperative interaction. In nonlinear least-

equilibrium was used to determine the assembly propertiessquares analysis, the data were fit to obtain the most probable

of the three BirA species. Experiments were carried out using Gibps free energies whereG,

a Beckman Optima XL-I analytical ultracentrifuge equipped
with a four-hole An-60 rotor. Either standard 12 or 3 mm

—RTIn k.
Analysis of Sedimentation Equilibrium Dataedimenta-

tion data were analyzed using a version of the NONLIN

double-sectored cells with charcoal-filled Epon centerpieces program 7, 28) adapted for analysis of sedimentation
and saffire windows were used for the experiments. Protein equilibrium data (MacNONLIN). Equilibrium sedimentation

concentration distributions were determined using the ab-

sorption optical system of the instrument. All experiments
were performed at 20C using proteins that had been
dialyzed extensively against low-salt standard buffer [10 mM
Tris-HCI (pH 7.504+ 0.02 at 20°C), 50 mM KCI, and 2.5
mM MgCl,]. Sample volumes were typically 15Q. for the

12 mm cells and 5@L for the 3 mm cells. The bio-BAMP

data were initially analyzed using a model for a single,
homogeneous species according to the following equation
(29):

¢, = oc + ¢, expM(1L — 7p)w(r® — r,A/2RT  (3)

wherec; is the total protein concentration at a given radial

or biotin solutions used in preparing the complexes were position,c, is the protein concentration, in this case apoBirA,
themselves prepared by dissolving the appropriate ligand inBjrA -biotin, or BirA-bio-5-AMP, at a reference position

the dialysate obtained from protein equilibration. In all

which is the first point in the data sdt) is the molecular

measurements performed in the presence of ligands, themass of the proteiry is the partial specific volume of the

binding conditions were stoichiometric and the ligand was

protein which was determined as described by Eisenstein

present at a higher concentration than the protein. Samplesand Beckett§) to be 0.755 mL/mgp is the solvent density,

were prepared at multiple loading concentrations and cen-

trifuged at multiple rotor speed2€). Scans were acquired

w is the angular velocity of the rotor,is the radial position
in centimeters from the center of rotation,is the distance

as averages of four measurements of absorbance at eaclh centimeters from the center of rotation for the reference
radial position, with spacing of 0.002 cm between each radial position (the first point in the data seBis the gas constant,

position. Scans of the biotin repressor bound to BiéJglP
were obtained at 295 nm to avoid any contribution from the
absorbance of the adenosine moiety of the BiddgP
ligand. Scans of apo-BirA and the complex with biotin were

acquired at either 295 or 300 nm, the longer wavelength
being utilized for samples prepared at the highest loading

concentrations. Extinction coefficients at 295 and 300 nm
were calculated on the basis of the known extinction
coefficient at 280 nm of 1.3 mM cm™ and the ratios of

T is the absolute temperature, add is a correction term

for a non-zero baseline. In nonlinear least-squares analysis
using a single-species model, the data were fit to the reduced
buoyant molecular mass, defined by

M(1 — p)w?
O=—05=—"

RT )

where the terms are as indicated above.

the measured absorbances at 280 nm and the longer Equilibrium sedimentation data for all BirA species were

wavelengths. The solvent density was determined pycno-

metrically.
Quantitation and Analysis of Footprintsootprinting gels

also analyzed using a monometimer model:

C = 0C+ Coy€°E + (Co 2K 1€ ™) (5)

were dried, exposed to storage phosphor screens for 40 h,
and imaged using a Molecular Dynamics phosphorimaging wherec,; is the monomer concentration at some reference
system (Amersham Pharmacia Biotech). The optical densitiesposition, Ka-2 is the equilibrium association constant
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governing assembly of the monomer and dimer, §nd &
equivalent to 12 — r,2)/2, wherer, is the reference position S ]
andr is the radial position. In the analysis, the reduced
buoyant molecular mass of a dimer was assumed to be twice
the value for the monomer. In all data analysis, individual
and global analysis of data sets obtained from samples
prepared at multiple loading concentrations and run at
multiple speeds were performed. The quality of the fits was
assessed from the examination of the square root of the -
variance and the distribution of the residuals. Given the o
relatively low salt concentration (50 mM) present in the &
buffer utilized for sedimentation measurements, it is possible B
=
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DNasel FootprintingThe quantitative DNasel footprinting ~-
technique was used to assess the binding of the three BirA
species to bioO. Eisenberg et al. previously showed using
filter binding that biotin can activate the DNA binding
function of BirA, albeit more weakly than does bi6-AMP
(15). However, these results were not quantitative. While
the standard buffer utilized for assessment of the holoBirA - -
bioO interaction in this laboratory contains 200 mM KClI, o B o
the weak affinity of apoBirA and BirAbiotin for bioO - - e B .
necessitated assessment of DNA binding in buffer containing
a relatively low KCI (50 mM) concentration. For bioO
binding measurements performed at a low salt concentration,Figure 2: Image of a DNasel footprint titration of bioO with
it is important to demonstrate that the weaker binding species,apoBirA. The bioO half-sites are arbitrarily designated 1 and 2.
in this case, apoBirA and Biriotin, indeed bind specifi- The footprint was created in buffer containing 10 mM Tris-HCI

cally to the operator rather than via a nonspecific mechanism.g)HCZ-ggi /0-?_2 at .201(:3' 5%{;}“\" chﬁf m'\é' fﬂg(/:i'LlBrgX'
An image of a footprinting gel obtained from titration of b, SOpgimE sohicated catl thymus +and 10g/m '

bioO with apoBIrA is shown in Figure 2. The footprint Shows  energies of binding indicates that biotin binding to apoBirA
altered cleavage in only the region known to correspond t0 gnhances the total binding free energy by approximatély
the bioO sequence ). Moreover, this footprint is qualita-  ycal/mol. The physiological corepressor, bieAMP, effects
tively identical to those obtained from titrations of bioO with g enhancement in bioO binding affinity of approximately
BirA-biotin or BirA-bio-5-AMP (data not shown). The  _4 5 kcal/mol.
patterns of enhancement of and protection from DNasel  gedimentation EquilibriunThe assembly properties of the
digestion were identical for all three protein species. Thus, three BirA species were determined by sedimentation equi-
even at the low salt concentration, binding of all three BirA |ibrium. Data previously obtained for the three species
species to bioO is specific. indicated that while holoBirA dimerizes at a concentration
Individual site isotherms obtained from quantitation of near 10uM, neither the biotin-bound species nor apoBirA
footprint titrations of bioO with the three BirA species are exhibited any tendency to oligomeriz8)( These previous
shown in Figure 3. For all protein species, the two bioO half- measurements were, however, taken in buffer containing 200
sites titrate simultaneously with increasing protein concentra- mM KCI using relatively low protein concentrations. In this
tions. Moreover, on the basis of the narrow protein concen- work, assembly studies of the three BirA species were
tration range of approximately 1 log unit required for each performed in the low-salt buffer.
titration, all species bind cooperatively to bioO. The data  Results of the initial measurements performed on holoBirA
were subjected to nonlinear least-squares analysis using théndicated that dimerization of the protein was considerably
two-individual site binding equations presented in Materials tighter than had previously been seen in 200 mM K&)I (
and Methods. In the analysis, the cooperative free energyConsequently, measurements of the assembly process re-
was fixed at—2 kcal/mol and the best-fit values of the two quired use of loading concentrations of protein as low as
intrinsic free energy terms\G; and AG,, were obtained.  2—3 uM. Results of these measurements are shown in Figure
Results of the analyses, which are shown in Table 1, indi- 4. Global analysis of the data using a single-species model
cate that while the apoBirA species binds with the lowest revealed a molecular mass considerably higher than that of
affinity, the biotin species is intermediate and holoBirA binds the protein monomer, a result consistent with self-association
with the highest affinity. Comparison of the total Gibbs free of the protein (Table 2). Additionally, reversible association

site 1

i
(]

(B

i

e

§

& tal
i

'
URE
'

{
yol

#

. R =

3]
L]
i
¥
i
L
L]

R

- - -

§
i
i
i
t
L]
i



Thermodynamic Linkage in an Allosteric DNA Binding Protein

Biochemistry, Vol. 41, No. 48, 20024267

Table 1: DNasel Footprinting Measurements of BioO Binding by the Three BirA Species

AGP AG; AG; AGior
species (kcal/mol) (kcal/mol) (kcal/mol) (vary/2c (kcal/mol)
apoBirA -2 —8.3+0.5 —7.9+05 0.048 —18.2+ 0.7
BirA-biotin -2 —-9.0+0.3 —-8.8+0.3 0.026 —19.8+0.4
BirA-bio-5-AMP -2 —10.5+ 0.3 —10.2+ 0.4 0.040 —22.7+0.5

a All measurements were performed in 10 mM Tris-HCI (pH 75®.02 at 20°C), 50 mM KClI, 2.5 mM MgC}, 1.0 mM CaC}, 100ug/mL
BSA, and 20ug/mL sonicated calf thymus DNA.In nonlinear least-squares analysis, the cooperative free energy was fixe?l katal/mol.
Uncertainties in parameters represent the 65% confidence intetVidles. square root of the variance of the fit.

(a) _ 0.5 Py
£ 104
S 0.8 0.4
g
S 0.6 2
— =
g 0.4 od o 0.3
£ 021 =5 )
Q =] P 8
S 0.0 5] =]
d: ? T T g 0.27
9 8 7 6 -5 5
=}
log[apoBirA](monomer) < o1
(b)
=1
S 0- X
s 6.8 6.9 7.0 7.1 72
2 radius (cm)
3 = 0.03
2 g
s 0.03
E
~ T T T T
-10 9 -8 7 -6 -5 0.02
log [BirA-biotin](monomer) E
] 0
(c) 8
= n 0.02 T T T
g 10 O 6.8 6.9 7.0 7.1 72
g 0.8
5 06 5 0.021 a we
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—_ ] 0
g 047 £ 002 Pt
9 0 24 ' T T T
5 o 6.8 6.9 7.0 7.1 7.2
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T T T

T
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-8

a7 -6

log[holoBirA](monomer)

Ficure 3: Individual site isotherms for binding of (a) apoBirA,
(b) BirA-biotin, and (c) BirAbio-5-AMP (holoBirA) to bioO.
Isotherms were obtained from DNasel footprints quantitated as
described in refd4 and 20: half-site 1 @) half-site 2 @). The

FIGURE 4: Results of sedimentation equilibrium measurements
performed on BirAbio-5-AMP. The data obtained at loading
concentrations of 2.5X), 5.0 ©), and 7.5«uM () centrifuged at

22 000 rpm are shown. Best-fit curves obtained from global analysis
of six data sets to a monomedimer model are shown as solid
lines. The residuals ikygs5 Units associated with each data set are

> ; e A shown below the curves.
solid and dashed lines are individual site isotherms generated from

the best fit parameters obtained from analysis of the data for sites

' Results of previous assessments of assembly of apoBirA
1 and 2, respectively.

and BirA-biotin in standard high-salt buffer indicated that
was supported by results of analysis of individual data sets neither species exhibited any tendency to dimeri@e (
with a single-species model, which indicated an increase in Results of initial measurements made in the low-salt buffer
the apparent molecular mass of the complex with increasingrevealed that the two species dimerize weakly. To assess
loading concentrations (data not shown). Results of analysisthe assembly properties of these two species, protein
of the data using a monomedimer model (Table 2) indicate  concentrations of up to 0.10 mM were employed. Given these
that theKp for dimerization is approximately AM. Thus, high concentrations, measurements were performed using the
in the low-salt buffer, the dimerization is approximately 1 3 mm path length cells and scans were obtained on the red
kcal more favorable than it is in 200 mM KCI. The broad edge of the absorption spectrum of the protein at 300 nm.
confidence limits on the resolved dimerization free energy Results of representative measurements performed on the
can be attributed to the tight dimerization, which renders biotin-bound species are shown in Figure 5, and global
the protein, even at the lowest loading concentrations thatanalysis of the data provides convincing evidence that the
were employed, predominantly dimeric. At the lowest loading system is described well by a monomelimer model. First,
concentrations utilized for the measurements, the protein isanalysis of the data using a single-species model yielded an
approximately 75% dimer. The limitation of the absorption apparent molecular mass that was higher than that of the
optics used to detect the protein precluded measurements aprotein monomer (Table 2). Moreover, analysis of individual
concentrations at which a major fraction of the Bibfo- data sets using this model indicated increasing apparent
5'-AMP complex is monomeric. molecular mass with increasing loading concentration.
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Table 2: Sedimentation Equilibrium Measurements of the Assembly Properties of the Three BirA Species

specied single-species MW(Da) monomet-dimeP Kp (M) AG°piv (kcal/moly (var)/2d
apoBIrA 37 683 (36 55239 000) 0.0054
1.4(1.0-2.0)x 1078 —3.8(—3.6t0—4.0) 0.0050

BirA -biotin 40 687 (39 49641 644) 0.0056
0.9 (0.7-1.2) x 103 ~4.1(-4.310-3.9) 0.0049

BirA -bio-5-AMP 57 469 (54 45460 672) 0.0072
1.5(0.8-2.7) x 107 ~7.8(-7.5t0-8.2) 0.0071

a All measurements were performed in 10 mM Tris-HCI (pH 7:50.02 at 20°C), 50 mM KCI, and 2.5 mM MgCl Sulfficient ligand to fully
saturate the protein was present in the samples containing compléxesolved molecular masses and equilibrium dimerization constants were
obtained from global analysis of data obtained at multiple rotor speeds and loading concentrations. Loading concentrations for apoBirA were 50
and 100«M, and rotor speeds were 22 000, 24 000, and 26 000 rpm. Loading concentrations fdii@irAwere 40 and 9@M, and rotor speeds
were 20 000, 22 000, and 24 000 rpm. Loading concentrations for theBa/A-AMP complex were 2.5, 5.0, and 7./, and rotor speeds were
22 000 and 24 000 rpm. The values in parentheses provide the 65% confidence intervals. The reduced molecular mass of the monomer was fixed
at a value obtained from sedimentation equilibrium measurements performed on apoBirA at a M) 2dading concentratiorf. Gibbs free
energies were calculated from the equilibrium dissociation constants using the relatid@hip= RTIn Kpm. ¢ Square root of the variance.
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Ficure 5: Results of sedimentation equilibrium measurements 2 09
performed on BirAbiotin. Data were obtained from data sets for S 0.02 : : .
samples prepared at a loading concentration of®i0and run at 6.8 6.9 7.0 7.1 72
speeds of 20 00@Y) and 24 000() rpm. The best-fit curves shown radius (cm)

with the data were obtained from global analysis of six data sets
obtained from samples prepared at 40 and(®Dand centrifuged

at 20 000, 22 000, and 26 000 rpm. Residuals of the fit&dgn
units for the two curves are shown in the bottom panels.

FIGURE 6: Sedimentation equilibrium measurements performed on
apoBirA. The loading concentrations were 50 &ndO) and 100

uM (A andO), and the samples were centrifuged at 22 000 and
26 000 rpm, respectively. The lines were obtained from global fits

N . f si t ts t i I. Residual plots ¥
Second, as indicated by the magnitude of the square root ofo o data sets to a monomedimer model. Residual plots W

’ - - units are shown for the data sets included in the figure.

the variance of the fits, the data are better described by the
monometr-dimer than the single-species model. The equi- the data using a single-species model yielded a molecular
librium dissociation constant obtained from the data analysis mass significantly higher than the value of 35313 Da
is approximately 1 mM, and the confidence intervals are expected for the monomeric protein (Table 2). Analysis of
tight. Given this weak dimerization process, at the highest the data using a monomedimer model revealed an equi-
concentration of the complex the fraction of the protein that librium dimerization constant of-12 mM. This value may
is dimer is approximately 25%. However, since the end point represent a lower limit for the equilibrium dissociation
of the assembly process is well-established by structural andconstant since the quality of the fit, as judged by the square
thermodynamic data to be the dimer, analysis of the dataroot of the variance, is only marginally better for the
using the monomerdimer model is appropriate. monomer-dimer model than for the single-species model.

Results of sedimentation measurements performed on theHowever, a value of 2 mM was reproducibly obtained,
apoBirA species are shown in Figure 6. Global analysis of and the confidence intervals are narrow.
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Biotin Operator Binding Dimerization energetics is marginal to nonexistent while the enhancement
AAGpy,plkeal/mole)  AAGp(keal/mole) in bioO binding energetics is large.
[ apoBirA apoBirA — The nearly perfect correlation between the enhancement
[-16:07 | [ -03+03 | in dimerization and bioO binding energetics observed for
v the apo-BirA and bio-5AMP-bound species is consistent
BirA-biotin BirAdbiotin with the structural interpretation that allostery in the biotin
1 [ -29:06 | [ 37202 | l repressor is mediated solely through the dimerization inter-
face. While this is the most straightforward interpretation
L, BirAsbio.5-AMP BirAsbio5 - AMP < of the data, it is based on the assumption that the enhanced

assembly energetics associated with Bi&\®IP binding are
FIGURE 7. Summary of measurements of the energetics of dimer- transmitted with 100% efficiency to the DNA binding

ization and bioO binding properties for the three BirA species. The s s . .
differences in the total Gibbs free energies of bioO binding process. However, additional support for this simple inter

(AAGonag) for pairs of species are shown on the left. The same Pretation is derived from results of measurements of the
quantities for dimerization energeticA&Gpm) are shown onthe ~ assembly and bioO binding energetics of BirA mutas (
right. as well as the results of structural studies described in the
DISCUSSION introductory_ sectior_l. The resu!ts qbtained with the_bio_tin—
bound species deviate from this simple model and indicate
The proposed mechanism of allosteric activation of BirA that dimerization and DNA binding can be uncoupled for
is that the corepressor, bio-BMP, enhances the occupancy the repressor/substrate pair. These results are, moreover,
of bioO by increasing the stability of the repressor ho- consistent with the notion that for biotin the allosteric effect
modimer interface. Support for this mechanism is provided occurs at the level of DNA binding by enhancing the affinity
by results of combined thermodynamic and structural of the repressor monomer for an operator half-site. In
measurements3¢-10). The experiments presented in this principle, this possibility could be directly investigated by
work are designed to directly test this model. If allostery in assessing binding of the different liganded forms of the BirA
this system is transmitted solely through the BirA homodimer monomer to a bioO half-site. However, despite several
interface, it is expected that for any two of the three BirA attempts 81), the tight coupling of dimerization and DNA
species examined, apoBirA, BirBiotin, and BirAbio-5- binding in the system has prevented the success of such
AMP, the measured difference in the bioO binding energetics measurements. The observation that the allosteric response
should be equivalent to measured differences in the dimer-may be mediated at the level of DNA binding suggests the
ization energetics. A summary of the results is shown in involvement of structural regions in BirA in addition to the
Figure 7. First, the results are consistent with the idea that dimerization interface in transmission of the allosteric re-
the affinities of the three species for bioO track with the sponse. Results of previous experiments provide evidence
stabilities of the dimers formed by the three species. The that a domair-domain interface between the DNA binding
more stable the homodimer formed by a species, the greateand central domains of the protein may be important in the
its affinity for bioO. Moreover, the data obtained for the allosteric mechanism. First, a truncated mutant of BirA in
apoBirA/holoBirA pair indicate that the enhancement in bioO which the N-terminal DNA binding domain was deleted has
binding energetics that accompanies bieAMP binding is been subjected to functional analysi2). Results of these
identical to the additional free energy of dimerization. This measurements indicated that in addition to its inability to
supports the simple notion that the allosteric mechanism bind bioO the truncated mutant bound biotin and big\MP
associated with bio!5AMP binding to BirA is mediated  with an affinity significantly lower than that of the intact
solely through the monomemonomer interface. protein. This suggests communication takes place between
The results obtained for any pair of BirA species that these two domains. In addition, results of chemical and
includes the biotin-bound repressor deviate from a mecha-enzymatic probing of BirA in the absence and presence of
nism in which allostery is transmitted solely through the ligands indicate that the flexible loop consisting of residues
monomermonomer interface of the BirA dimer. First, itis 212—233 becomes protected from proteolytic and chemical
instructive to analyze the results obtained with the biotin- cleavage concomitant with small ligand bindingg( 33).
and bio-5-AMP-bound BirA. While the difference in the  The extent of protection is greater for adenylate than for
total Gibbs free energy of bioO binding for these two species biotin binding. Evaluation of these results in the context of
is approximately—2.9 kcal/mol, the gap in the dimerization the known structure of the biotin-bound repressor (Figure
energetics is approximately3.7 kcal/mol. Thus, the en- 1) has led to the prediction that in the adenylate-bound
hancement in dimerization energetics resulting from replacing structure a closer association of the N-terminal and DNA
biotin with bio-3-AMP is significantly greater than the binding domains will be observed and that this interaction
enhancement in bioO binding. Discrepancies are also foundmay involve residues 212233.
in the differences in assembly and bioO binding energetics The results of sedimentation equilibrium measurements
for the apoBirA and BirAbiotin species. The enhancement performed on the biotin and adenylate-bound repressor
in bioO binding associated with switching the repressor from indicate that a relatively small structural change in a
the apo to the biotin-bound form is approximately.6 kcal/ regulatory ligand can have profound consequences for the
mol. However, if it is assumed that the upper limit of2 thermodynamics of assembly of a protein. The dimerization
mM obtained for the equilibrium dimerization constant of of the biotin-bound repressor is very weak and in low salt is
the aporepressor is accurate, the difference in the dimerizationcharacterized by an equilibrium constant in the millimolar
energetics of the two species-©0.3 + 0.3 is insignificant. concentration range. The bid-BMP-bound protein dimer-
Therefore, for this pair, the enhancement in dimerization izes with an equilibrium constant that is 1000-fold tighter.
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Structural studies suggested that the enhanced dimerizatiorenhancement of DNA binding energetics resulting from
associated with biotin binding is provided by the disorder corepressor binding additional regions of the protein structure
to order transition that accompanies binding of the ligand to may be involved in transmission of the allosteric response.

BirA. This preordering of the loops lowers the entropic

penalty to dimerization. Although this conclusion may, in REFERENCES

part, explain the more stable dimerization of the adenylate- 4
bound protein, the available structural data provide no
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difference is suggestive of significant structural differences
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