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ABSTRACT. The repressor of biotin biosynthesis binds to the biotin operator sequence to repress transcription
initiation at the biotin biosynthetic operon. Site-specific binding of BirA to the biotin operator is allosterically
regulated by binding of the small molecule, biotinyldglenylate (bio-5AMP). The operator is a 40

base pair imperfect inverted palindrome and two holorepressor monomers bind cooperatively to the two
operator half-sites. Results of previous detailed analyses of binding of holoBibfo@ indicate that
site-specific DNA binding and protein dimerization are obligatorily linked in the system. In the present
work equilibrium sedimentation measurements have been used to examine the assembly properties of the
aporepressor and its complexes with small ligands biotin and'bfdvB?. Results of these measurements
indicate that while the free protein and the biotin complex exhibit no tendency to self-associate, the
adenylate-bound protein assembles into dimers with an equilibrium constanubf. Tlhe results suggest

that one mechanism by which the adenylate promotes binding of BirA to the biotin operator is by promoting
repressor dimerization.

The repressor of biotin biosynthesis, BirA, binds site- -
specifically to the biotin operator sequenb&®O, to repress
transcription initiation at the biotin biosynthetic operon
(Figure 1a) 1). The repressor also functions as a biotin
holoenzyme ligase by catalyzing linkage of biotin to the
biotin carboxyl carrier protein (BCCP) of acetyl-CoA car-
boxylase {, 2). This covalent linkage reaction occurs in two
steps involving initial enzyme-catalyzed synthesis of the
activated intermediate, biotinylFAMP, from substrates
biotin and ATP (Figure l1a, step i), followed by transfer of
the activated biotin to the-amino group of a unique lysine B v T —
residue on BCCP (Figure 1a, step B)(In this system the attaiSTGMCATTTGGTTTMCT TC?MATM“M
adenylate serves two functions: it is the activated intermedi- Ficure 1: (a) Schematic representation of tBscherichia coli
ate in the biotin ligation reaction and the positive allosteric biotin regulatory system. The biotin repressor, BirA, (i) catalyzes

BirA + biotin + ATP

® PPi

BirA-bio-5'-AMP

(if) (i) .
apoBCCP: P bio operator
BirA + holoBCCP + AMP BirA-bio-5'-AMP bio operator

effector for site-specific DNA binding. Only the adenylate-
bound form of BirA has been shown to bind tightlykmO
(Figure 1a, step iii)4, 5).

A three-dimensional structure of the unliganded or apo-
biotin repressor has been obtained from X-ray crystal-
lographic studiesf). The 35.3 kDa monomer is folded into
three domains, the N-terminal, central, and C-terminal
domains. The N-terminal domain, which adopts a “winged
helix—turn—helix” fold, contacts the DNA in the holoBirA
bioO complex. The central domain contains the active site
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synthesis of biotinyl-5AMP from substrates biotin and ATP, (ii)
catalyzes transfer of biotin from the adenylate to the biotin carboxyl
carrier protein (BCCP) subunit of acetyl-CoA carboxylase, and (iii)
binds site-specifically to the biotin operatobigO) to repress
transcription initiation at the biotin biosynthetic operon. Biotinyl-
5'-AMP is both the activated intermediate in biotin transfer and
the allosteric effector in binding of BirA tbioO. (b) Sequence of

the biotin operator. The 40-bp boxed sequence represents the
operator. Underlined regions are conserved in the two 20-bp half-
sites of the operator sequence (7). The five-base-pair termini are
identical to the flanking sequences found in the biotin operon.

for adenylate synthesis and biotin transfer to BCCP. Since,
however, adenylate binding is required for site-specific
binding tobioO, the central domain is also required for high-
affinity DNA binding. The function of the C-terminal domain
has not yet been determined. As no evidence for the existence
of other than crystal contacts between adjacent proteins is
provided in the structure, the aporepressor is assumed to be
monomeric.
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The biotin operator sequence is a 40 base pair imperfect Sedimentation Equilibrium StudieSedimentation equi-
inverted palindrome (Figure 1b) and two holoBirA monomers librium was used to determine the partial specific volume

bind cooperatively to the two operator half-siteég b). of unliganded BirA and the assembly properties of the
Although the cooperative free energy for the binding process protein. Experiments were carried out with a Beckman
was originally estimated to be approximateh® kcal/mol, Optima XL-A analytical ultracentrifuge equipped with a four-

results of more recent experiments involving measurementshole, An-55 rotor. Standard 12 mm double-sector cells with
of binding of holoBirA to mutated operator sequences charcoal-filled Epon centerpieces and quartz windows were
indicate a more favorable cooperative free energy on the used for all experiments. Protein concentration distributions
order of—6.0 kcal/mol 8). The structural basis for coopera- were determined by using the absorption optical system of
tive binding of holoBirA tobioO may involve elements on  the instrument. All experiments were performed at°2D
the DNA or it may reflect direct interaction between protein on samples that had been dialyzed extensively against the
monomers as they assemble onto the DNA. Results of appropriate buffer. Sample volumes were typically 145
structural probing of the holoBirdioO complex indicate The buffer compositions for all experiments are indicated
that the DNA does undergo some distortion upon holoBirA in the Results section. For experiments performed in the
binding and this distortion may contribute energetically to presence of ligands, solutions were prepared by dissolving
the observed cooperativit@), We have previously examined the ligand into the dialysate obtained from protein equilibra-
the assembly properties of BirA using analytical gel- tion. Solvent densities were determined pycnometrically.
permeation chromatography. Results of these measurementSamples were run at multiple rotor speeds and multiple
indicated that no species larger than monomer is observedconcentrations1(l) and data were acquired as averages of
for apoBirA, BirA-biotin, or BirA-bio-5-AMP (holoBirA) 25 measurements of absorbance at each radial position, with
at protein concentrations as high aghl (5). However, in nominal spacing of 0.001 cm between each position.
studies of binding of holoBirA to biotin operator half-site Preparation of Double-Stranded Oligonucleotides for DNA
mutants, no evidence supporting the existence of a measurBinding ExperimentsSingle-stranded oligonucleotides used
able quantity of an intermediate species in which a monomerto prepare the double-stranded oligonucleotides used in gel
is bound to a wild-typeéioO half-site was obtained at any mobility shift experiments were prepared by standard
level of saturation of the operator si®(These latter results ~ chemistry. The deprotected products were purified away from
support a model in which site-specific bindinghmO and side products by electrophoresis on a 10% denaturing
dimerization of holoBirA are highly coupled processes and polyacrylamide gel (19:1 acrylamide:bisacrylamide). The
prompted further examination of the assembly properties of oligonucleotides were stained with ethidium bromide and
BirA. visualized under long-wavelength UV light. Gel fragments
In this work we have used equilibrium sedimentation to containing the oligonucleotides were excised and the DNA
examine the assembly properties of BirA at higher protein was electroeluted from the gel according to the method
concentrations than those previously utilized. Results of thesedescribed in Maniatis et al.1®). The length of these
studies indicate that while apoBirA and the BiiAotin oligonucleotides necessitated repetition of the gel purification
complex show no tendency to aggregate at concentrationsin order to obtain homogeneity. The solution resulting from
up to 100uM, holoBirA undergoes association to dimer in  electroelution was concentrated by ethanol precipitation and
the micromolar range of protein concentration. Global the DNA was resuspended in 10 mM Tris-HCl and 0.1 mM
analysis of data obtained at multiple loading concentrations EDTA, pH 8.0 at room temperature. The concentration of
and rotor speeds are consistent with a simple monemer each oligonucleotide was determined by UV absorbance
dimer model for the association. These results in combinationusing an extinction coefficient at 260 nm of 0.02
with previous studies of site-specific DNA binding in the mL mg cm™ (12).

system indicate that one means by which biotingyAMP The oligonucleotide corresponding to the top strand in
promotes assembly of the holoBir/hioO complex is by Figure 1b was labeled at thé terminus with3?P using T4
promoting repressor dimerization. polynucleotide kinase ang{*2P]JATP substrate. The double-

strandedbioO oligonucleotide was prepared by combining
MATERIALS AND METHODS the single-stranded unlabeled oligonucleotides at equimolar
Chemicals and Biochemical#ll chemicals used in the  concentration (6@M) with a trace amount of th&P-labeled
preparation of buffers were at least reagent-grade. Thetop-strand oligonucleotide (final concentration approximately
D-biotin was purchased from Sigma. Bi6-AMP was 9 nM) in 10 mM Tris-HCI, pH 8.0, and 0.1 mM EDTA.
synthesized by a modification of the method described in The sample was heated to 80 for 10 min and slow-cooled
Lane et al. 8, 5). BirA was purified according to the method to room temperature. Complete hybridization of the oligo-
described in Abbott and Becketb)( The protein was  nucleotides was confirmed by electrophoresing the sample
estimated to be at least 95% pure as judged by results ofon a 10% native polyacrylamide gel.
SDS polyacrylamide gel electrophoresis. The BirA concen-  Gel Mobility Shift Experimentssel mobility shift experi-
tration was determined by using an extinction coefficient at ments were performed following a modification of the
280 nm of 1.3 mL mg! cm™* (10). An extinction coefficient methods described by Kim et al3). The buffer used in
for the protein at 295 nm was estimated from the ratio of these reactions contained 10 mM Tris, pH 7.5 at€050
the absorbance of the protein at this wavelength to its mM KCI, 2.5 mM MgCh, 1 mM CaC}, 3% (v/v) glycerol,
absorbance at 280 nm. An analytical molecular weight for and 0.1 mg/mL BSA. The electrophoresis buffer used
BirA of 35 313+ 8 was confirmed by matrix-assisted laser contained 6.7 mM Tris, 1 mM EDTA, and 3.3 mM sodium
desorption ionization time-of-flight (MALDI-TOF) mass acetate, pH 7.5 at 28C. Bio-5-AMP was added to a final
spectrometry. concentration of 1&M. Each 25uL reaction contained the
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32P-bio0 oligonucleotide and BirA at total concentrations Lo
of 2 x 10 M and 4 x 10°¢ M, respectively. Incubation
was carried out at 20C for 30 min to allow the reactions to 081
reach equilibrium. The samples were loaded onto a 10%
(19:1 acrylamide:bisacrylamide) native acrylamide gel pre-
pared in electrophoresis buffer that had been pre-electro-
phoresed at 100 V fol h with recirculation of the
electrophoresis buffer provided by a peristaltic pump. The
electrophoresis voltage was increased to 300 V, reactions
were loaded directly onto the gel, and the voltage was NS cp
decreased to 100 V for the duration of the 15 h run. The gel 630 690 7.00 710
was dried and imaged by use of the Molecular Dynamics radius (cm)
Phosphorimaging system. 002 o 3
Data AnalysisSedimentation data were analyzed globally 0-01%& g O%i oé@%é%é
®© e}

0.6+

0.4

absorbance (280 nm)

0.29

residual
=

using a version of the NONLIN prograni4, 15) adapted
for analysis of sedimentation equilibrium data (MacNON- e 69 70 71
LIN). Equilibrium sedimentation data were initially analyzed radius (cm)

by using a model for a single, homogeneous species $ <

. 0.02 X x «
according to {6) ok ¥ WEWWQ%;
0024 Tk XM
¢, = dc+ ¢, expM(1 — 7p)w? (P — r )2 RT] (1) 65 o9 70 7

radius (cm)
wherec; is the total protein concentration at a given radial Ficure 2: Concentration (in absorbance units) vs radial position
position, ¢, is the protein concentration at some reference profiles for apoBirA obtained in buffer prepared in) DO and
position (in this case the first point in the data sit)is the (©) H20. Loading concentration (M), rotor speed 24 000 rpm.

) S . - Buffer composition was 10 mM Tris-HCI pH 7.50 at 2@, 50
molecular weight of the proteiry is the partial specific KCl, and 2.5 mM MgC4. The solid lines were simulated by

volume of the protein determined as described belovg, using the parameters obtained from global nonlinear least-squares
the solvent densityy is the angular velocity of the rotor, analysis of data obtained at 24 000 and 26 000 rpm. The two lower

is the radial position in centimeters from the center of panels illustrate the residuals of the fits for the two data sets.
rotation,ro is the distance in centimeters from the center of
rotation for the reference position (the first point in the data
set), R is the gas constanf, is the absolute temperature, .
and Jc is a correction term for a nonzero baseline. In ¢ =oc+ zci(r) (4)
nonlinear least-squares analysis with a single-species model, ) ) ) )

the data were fit to the reduced molecular weightlefined ~ Whereoc is the baseline correction term amqr) is the

residual

aggregates of the protein:

by concentration of each species (monomer, dimer, etc.) as a
function of radial position. Combining the relationship
M(1 — 7p)w? between the each species concentration and the monomer
=" RT (2) concentration and equilibrium constant governing assembly

with eq 1 yields the following 16):
where the terms are as indicated above. , ,
The molecular weight and partial specific volume of c =0dc+ Z(C'O1 K a1i€7%) (5)
apoBirA were determined by performing sedimentation
equilibrium experiments in buffers prepared with@Hand  whered, is the monomer concentration at some reference
D20 (18). The primary data were analyzed in terms of eq 1 position to theith power (wherd refers to the degree of
above and eq 3: association) Ky~ is the equilibrum association constant
_ governing assembly monomer teamer, ¢; is the reduced
¢ =0c+cg, exp{kM(l — Yo O)a)2 (> —r A2 RT] (3)  buoyant molecular weight of themer, andz is equivalent
kP2 A 2 . "
to (r* — ro?)/2, wherer, is the reference position amds the
In this equatiork is a proportionality constant for concomi- rad_ial positiqn. In the analysis the reduced. buoyant molecular
tant increase in molecular weight and decrease in partial Weight of ani-mer was assumed to be equivalent to the value
specific volume that is observed in the heavier solves@® D for the monomer multiplied by the degree of association
as a result of deuterium exchange of all exchangeable(di = i01). Data were analyzed with several stoichiometric
hydrogens angp,o is the density of the buffer prepared with models for the assembly process that are described in the
D,0. Based on a buffer composition of 95% (ViV} a Results section.
value fork of 1.0147 was used. As described above, the data

were analyzed to obtained the best-fit valuesadt a range RESULTS

of fixed values ofz. The molecular weight was then Partial Specific Volume of ApoBirAThe method of
calculated from the reduced molecular weight by use of eq Edelstein and Schachmah7j was utilized to determine the
2 partial specific volume and molecular weight of BirA. The

Equilibrium sedimentation data were also analyzed by use measurement involves simultaneous analysis of equilibrium
of models that included terms for monomer and higher order sedimentation data obtained on the protein dissolved in buffer
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Table 1: Results of Equilibrium Sedimentation Analysis of ApoBirA and the Bgiétin Complex

sample/model loading concentratiéijgM) rotor speeds (rpm) molecular weight or equilibrium constant  (var)2¢
ApoBirA
single species 10, 40 24000, 26 000 32 087 (31 605/32 406) 0.004
monomet-dimer K1 =1.6x 1072 0.004
(4 x10%2x 107
BirA -Biotin

single species 10, 40 24000, 26 000 31936 (31 455/32 418) 0.004
monomer-dimer Ko-1=3x 1073 (1 x 10737 x 1079 0.004

a|nitial total protein monomer concentration in the c&IMolecular weights (with 67% confidence limits) were calculated from the reduced
molecular weights obtained from global nonlinear least-squares analysis of five equilibrium sedimentation data sets with a single-species model.
The relationship of the reduced molecular weighk {o the molecular weight is provided in the data analysis section of Materials and Methods.
¢ Square root of the variance of the fitThe data were fit to a monomedimer association model. The equilibrium dissociation constant for the
dimerization reacionk-1, is given in molar units with the lower and upper confidence intervals in parentheses. The monomer molecular weight
was fixed at the best fit value obtained for the single specieslfitanalysis of the data by the monomeatimer assembly model, the monomer
molecular weight was fixed at the value obtained by use of the single-species fradall.cases the biotin concentration was at least 1.5 times
the total protein monomer concentration.

prepared in HO and BO. Results of the measurements are 100
shown in Figure 2. Global analysis of the data obtained in

the two buffers at two different rotor speeds yielded a value o807

of the molecular weight of 36 400 (35 400/37 700) using T e

partial specific volume of 0.755 mL/g. The resolved value 0

of the molecular weight is in good agreement with that < a0l

determined by MALDI-TOF mass spectrometry (see Materi- §

als and Methods).The value of the partial specific volume, 2 0.201

although higher than the value of 0.73 mL/g calculated on =

the basis of the amino acid compositidB(19), is within 0007

the range previously found for protein20Qj. 63 oo 7o 71 75

Assembly Properties of ApoBirA, BiRiotin, and Holo- radius (cm)

BirA. Sedimentation equilibrium measurements were used
to determine the assembly properties of apoBirA and its
complexes with biotin and biotinyl*5AMP. Biotin is a 002
substrate for the synthesis of biotinykAMP catalyzed by
BirA. Bio-5'-AMP is both the active intermediate in transfer
of biotin to the biotin carboxyl carrier protein (BCCP) subunit
of the acetyl-CoA carboxylase and the positive allosteric
effector for DNA binding. Two holoBirA bind cooperatively 0oL 5 A my i

to the two half-sites of the biotin operator. There is, thus, a radius (cm)

thermodynamic interaction between the two protein mono- Figure 3: Concentration (irAges Units) vs radial position profiles
mers in the assembly of the holoBif#ioO complex. The for apoBirA obtained in buffer A (10 mM Tris-HCI, pH 7.50 at 20
sedimentation experiments were performed to investigate the’C, 200 mM KCI, and 2.5 mM MgG). Loading concentrations
possible existence of a physical interaction between the (BirA monomer) and rotor speed:Of 10 uM and 24 000 rpm;

. . .~ (a)40uM and 26 000 rpm. The solid line was simulated by using
protein monomers in the absence of DNA and to examine the parameters obtained from global analysis of five data sets

the role of small ligands in the assembly reaction. obtained at these two loading concentrations and rotor speed ranging
Results of sedimentation equilibrium experiments per- from 24 000 to 26 000 rpm with a single-species model. The two
formed on apoB”'A are shown in F|gure 3. These expen_ lower panels i”ustrate the residuals of the fits of the two data sets
ments were performed at two loading concentrations and ' the single-species model.
three rotor speeds. The results of nonlinear least-squares
analysis of the data are shown in Table 1. Global analysis tration, this number has no significance for two reasons. First,
of the data with a model that assumes a single species yieldedhe standard error in the best-fit parameter is very large.
a molecular weight for the protein that is within 10% of that Second, the apoBirA monomer concentrations utilized for
expected for the protein monomer. The data were alsothe measurements do not approach the millimolar range.
analyzed with models in which the occurrence of an Thus, over the concentration range employed the apoprotein
equilibrium between monomers and higher order oligomers is monomeric.
of apoBirA was assumed. Models incorporating a dimeric ~ The BirA-biotin complex was also subjected to equilibrium
or trimeric species in addition to the monomer were tested, sedimentation. Results of previous studies indicate that the
and results of the analyses provided no evidence supportingequilibrium dissociation constant governing biotin binding
the presence of any of these larger species at the concentrao BirA is 4 x 1078 M in buffer conditions identical to those
tions employed for the measurements. For example, as showrused for the sedimentation measuremeis. (The protein
in Table 1, although analysis of the data with a monomer is, therefore, saturated with ligand in the centrifugation
dimer model does yield a best-fit value for the equilibrium experiments. Concentration vs radial position profiles ob-
constant for the reaction in the millimolar range of concen- tained in these measurements are shown in Figure 4. Analysis

residual
f=]
L

residnal
o
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FIGURe 4: Concentration (iffgs UNits) vs radial position profiles 6.8 69 7.0 7.1 72
for BirA-biotin obtained in buffer A. Loading concentrations and radius (em)
rotor speed: @) 10 uM BirA, 15 uM biotin, and 24 000 rpm;{) FiIGURe 5: ConcentrationAgs Units) vs radial position profiles for

40uM, 60 uM biotin, and 26 000 rpm. The solid line was simulated  BirA -bio-5-AMP obtained in buffer A. Loading concentrations and
by using the parameters obtained from global analysis of five data rotor speeds: (@) 10 uM BirA, 20 uM bio-5'-AMP, and 24 000

sets obtained at these two loading concentrations and rotor speedpm; () 40 uM BirA, 60 uM bio-5'-AMP, and 24 000 rpm;®)
ranging from 24 000 to 26 000 rpm with a single-species model. 60u4M BirA, 180 uM bio-5-AMP, and 22 000 rpm. The solid lines
The two lower panels illustrate the residuals of the fits of the two were simulated by using the parameters obtained from global
data sets to the single-species model. analysis of seven data sets obtained at these three loading

. . i . A concentrations and rotor speeds ranging from 22 000 to 26 000 rpm
of the data with a single-species model indicates a molecularWith a monomer-dimer model for the assembly process. The three

weight for the complex consistent with that of the monomer.  jower panels illustrate the residuals of the fits of the three data sets
As was found for apoBirA, analysis of the data with models to the monomerdimer model.

for self-association of the complex (monomelimer, mono-
mer—trimer) provide no evidence supporting the contribution model for association than by a single-species model (Table
of any oligomeric species to the species population at the 2). The value for the monomedimer equilibrium constant
protein concentrations employed (Table 1). The equilibrium obtained from the analysis is 1dM. Models incorporating
dissociation constant for a monometimer process obtained larger oligomeric species were also tested. As indicated in
for the biotin-bound protein is 3 mM. Given that the highest Table 2, no support for models involving direct assembly of
protein concentrations observed in the sedimentation profilesthe monomeric holoBirA into a trimeric or tetrameric species
are in the micromolar range of concentration, this resolved is provided by the analysis. This conclusion is based on the
value for the dimerization constant has no significance.  quality of the fits as judged by the large values of the square
Results of sedimentation equilibrium measurements per-root of the variance (Table 2). The data were also analyzed
formed on the BirAbio-5-AMP complex (holoBirA) are with models that assumed, in addition to monomer and dimer,
shown in Figure 5. These measurements were performed atontributions of trimeric or tetrameric species to the associa-
three loading concentrations and three rotor speeds. Thetion process. On the basis of comparison of the values of
equilibrium dissociation constant governing binding of BirA the square root of the variance of the fits with these two
to bio-53-AMP has been measured and is approximately 4 more complex models versus a simple monontmer
x 107 M in buffer conditions identical to those used for model, it is difficult to absolutely rule out the contribution
the sedimentation measuremertg, (22). Therefore, at the  of higher order species. In fact, the slightly nonrandom nature
concentrations employed the protein is saturated with bio- of the residuals of the fit of the data to a simple monomer
5'-AMP. Global analysis of the data using a model that dimer model observed at the highest protein concentration
assumes a single species yields a molecular weight for(Figure 5) suggests the contribution of higher order oligomers
holoBirA considerably higher than that expected of the to the species population. However, the best-fit values for
monomeric complex (Table 2). This result is consistent with the equilibrium dissociation constant governing the monemer
self-assembly of the holorepressor and the data were furtherdimer equilibrium obtained from data analysis using these
analyzed with models that, in addition to the monomer, more complicated models confirm the ¥ value obtained
incorporate higher order species. A simple monontimer from analysis with a simple monomedimer model. More-
model was initially tested. Comparison of the quality of the over, given the magnitudes of the equilibrium constants
fit based on the values of the square root of the variance governing formation of the trimer or tetramer, even at the
indicate that the data are better described by this simplehighest protein concentrations observed in the sedimentation
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Table 2: Results of Analysis of Sedimentation Equilibrium Measurements of Hol®BirA

model molecular weight Kn-1° (var)2e
single species 51 363 (50 027/53 082) 0.009
monomer-dimer (32 087) 1.1x 10°5(8.3x 10°¢1.3x 1079 0.0067
monomet-trimer (32 087) 2.8< 10°°(2.2x 10°%3.5x 1079 0.010
monomet-tetramer (32 087) 3.% 10°°(2.2x 10°55.0 x 1075) 0.015
monomet-dimer—trimer (32 087) Ko-11.2x 105(1.1x 10°51.4 x 107 0.0066

Ks-17.5x 1075 (4.3 x 10°51.6 x 107

monomet-dimer—tetramer (32 087) Ko-11.1x 105(1.0x 105 1.2x 1079 0.0066

Ks11.0x 107 (3.0x 1075, 8.0 x 1074

a Parameters were obtained from global nonlinear least-squares analysis of seven data sets. The data were obtained at three loading concentrations
(10, 40, and 6Q:M) and rotor speeds ranging from 22 000 to 26 000 rpm. In all samples the-BiMB was present at a concentration at least
1.5 times greater than the total BirA monomer concentratitf,. 1 refers to the equilibrium dissociation constant governing the monedierer,
monometf-trimer, or monomertetramer assembly processes. The 67% confidence limits are provided in parerftBgsese root of the variance
of the fit. 4 The 67% confidence limitsIn analysis of the data with models that incorporate self-association, the monomer molecular weight was
fixed at the value obtained from nonlinear least-squares analysis of equilibrium sedimentation experiments performed on apoBirA. See Table 1.

profiles, results of species concentration analysis indicates 123
that trimer or tetramer constitute 4% and 1% of the total
species population, respectively. Approximately 75% of the
protein is dimeric at these same protein concentrations.
Furthermore, as indicated below, it is the dimeric species
that is relevant to site-specific binding of holoBirA bxoO. v
Direct Evidence of the 2:1 Stoichiometry for the HoloBirA ~

bioO ComplexWe have previously measured the stoichi- -
ometry of the holoBirAbioO complex using the nitrocellu- 0 e
lose filter binding assay and obtained a value of 2 holoBirA ,..3-'1 xﬂ_x*
monomers/operator sit&), Analysis of the data obtained M m

by this method is based on the assumption that both theFicure 6: Results of imaging electrophoretic mobility shift

protein and DNA fragment used for the measurements aremeasurements of holoBirRioO complexes prepared by using a

A in hindi . i 50 base pair oligonucleotide containing tiieO sequence (Figure
fullyha((:jtlv;) Indblndlng. T? Conflrhm the StOIChlometry_by a 1B) and (1) wild-type BirA, (2) a 1:1 mixture of wild type and the
method that does not rely on these same assumptions, W&ariant BirA (dBirA), and (3) variant BirA (dBirA). Buffer

performed gel mobility shift experiments with mixtures of composition and concentrations are provided in Materials and
wild-type BirA (wtBirA) and a BirA derivative (dBirA). In Methods. The cartoon illustrates the expected distribution of the

this derivative the recognition sequence, VRRAS, for a cyclic tWo types of BirA monomers given a holoBif#ioO stoichiometry
AMP-dependent protein kinase and a hexahistidine sequencé’ <+

are fused to the amino and carboxy termini of BirA,
respectively. This derivative has been demonstrated to behav:
identically to wild-type BirA at all levels measured including
bioO binding (Streaker and Beckett, submitted for publica-
tion). In the gel mobility shift experiment a 50 base pair
double-stranded oligonucleotide containing the 40 base pair
operator site in the context of two 5 base pair flanking
sequences identical to those that are found in the biotin
operon region (Figure 1b) was incubated with either wtBirA,
dBirA, or an equimolar mixture of wtBirA and dBirA. The
allosteric effector, bio-5AMP, was present at saturating
concentration in each sample. In all samples the molar ratio
of protein monomer to DNA dyplex is 2:1. A§ shown in DISCUSSION

Figure 6 only one type of proteiDNA complex is formed

in the presence of either wtBirA or dBirA alone. Moreover, ApoBirA and BirABiotin Are MonomericThe assembly

the two proteinDNA complexes exhibit distinct mobilities.  state of BirA and its small ligand complexes has been
However, when a mixture of the two proteins is combined previously investigated by large- and small-zone analytical
with the oligonucleotide, three distinct bands are observed. gel-permeation chromatography. Results of these measure-
Two of these are characterized by mobilities identical to those ments indicated that the free protein and its complexes with
obtained for the complexes formed from the individual biotin and bio-5AMP are monomeric at concentrations as
proteins. The third more intense band, which is characterizedhigh as 1uM (5). In this work the assembly studies have
by a mobility intermediate between those observed for the been extended to higher concentrations. Results of the
single protein complexes, presumably arises from binding sedimentation equilibrium studies indicate that the apore-
of a heterodimer of wtBirA and dBirA to the oligonucleotide. pressor and the Birdiotin complex are both monomeric at
This result indicates that, as expected for a 2:1 stoichiometry, the concentrations utilized for the measurements.

in the sample containing wtBirA and the derivative the = The Assembly Properties of HoloBirAhe complex of
protein is distributed among three complexes: two in which BirA with bio-5'-AMP undergoes a dimerization reaction in

gl homodimer of each protein is bound to DNA and one in
which a heterodimer is bound. A stoichiometry greater than
2:1is expected to result in the appearance of a greater number
of bands characterized by mobilities between those corre-
sponding to the homodimeric complexes. Furthermore, as
expected for a statistical distribution of the two types of
protein monomers in the complexes, quantitation of the
optical density in the three bands indicates that the intensity
of central band corresponding to the heterodimer complex
is 2-fold greater than that of the two bands corresponding to
the homodimeric complexes.
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undetectable

2 BirA + 2 bio-5-AMP o———* BirA 5 +2 bio-5-AMP

2x(AG‘;=-13.6 keal/mole) unknown

2 BirA'bio-5-AMP ————* (BirA~bic:>—5'—AMP)2

AG® =167 kealimole

Ficure 7: Thermodynamic cycle illustrating the linkage between
BirA dimerization and binding of bio-5AMP. The standard Gibbs
free energy for binding of bio‘5AMP to the BirA monomer is
AG®;, The standard Gibbs free energy governing dimerization of

holoBirA is AG°%.

the micromolar range of protein concentration and the best-

fit value for the equilibrium dimerization constant of
holoBirA is 11uM. This value for the dimerization constant

Biochemistry, Vol. 38, No. 40, 19993083

provide no information about the energetics of dimerization
of apoBirA and, on the basis of the best-fit value for a
dimerization constant for the unliganded protein shown in
Table 1, examination of the protein at concentrations as high
as 0.3 M may be required to obtain reliable parameters for
its assembly. The stability of the complex formed between
the BirA monomer and bio-5AMP is very high and due to
reciprocity the dimeric BirAbio-5-AMP complex is pre-
dicted to be more stable. We have qualitatively confirmed
this prediction by comparing the rate of dissociation of the
ligand from the monomer to that from a mixture of
monomers and dimers. At protein concentrations at which,
on the basis of the equilibrium dissociation constant reported
in this work, a significant fraction of the protein is dimeric,
the rate of release of the adenylate from BirA is immeasur-
ably slow by the method employed (Xu and Beckett,
unpublished results).

is supported by results of analysis of the sedimentation data Corepressor That Dries Protein AssemblyThe ac-

with a simple monomerdimer model as well as more
complex assembly models that incorporate trimeric or
tetrameric holoBirA in addition to the monomer and dimer.

cumulated data indicate that bi6-AMP acts, in part, as a
positive allosteric effector for site-specific DNA binding by
driving dimerization of BirA. Although protein assembly has

Although the data do not rule out the existence of larger been shown to contribute significantly to the assembly of

oligomers of holoBirA at higher protein concentrations (0.1

many transcriptional regulatory complexes, there are few

1.0 mM), these concentrations are far greater than theexamples in which a functional role of a small ligand in these

physiologically relevant concentration of approximately 20
nM (23, 24). Furthermore, examination of the results of

protein—protein interactions has been directly demonstrated.
Among these are the tyrosine repressor frBstherichia

analysis of the data with models in which a dimeric species coli tyrosine and th&ynechococcusetallothionein repressor

is not included clearly support the significance of the dimer
in assembly of holoBirA. Moreover, as illustrated previously
in stoichiometric titrationsg) and in this work in gel shift
experiments performed with mixtures of wild-type BirA and
a BirA derivative, it is the holoBirA dimer species that is
relevant to site-specific binding of the biotin repressor to
bioO.

Linkage of Dimerization and Bio*5AMP Binding.The

(25, 26). The former exhibits linkage of dimerization and
hexamerization to ATP and tyrosine binding and the latter
protein dimerizes in a metal-dependent reaction. In the
eukaryotic nuclear receptors, including the 1,25-dihydroxy-
vitamin D; and 9¢is-retinoic acid receptors, evidence exists
that regulatory ligands play roles in determining not only
the homooligomeric state of the receptor but also the
assembly of heterooligomers of more than one receptor type

results of the equilibrium sedimentation measurements (27). This regulation of dimer binding partner has conse-

indicate that the adenylated form of biotin, bib&AMP, acts

as an allosteric activator of assembly of the BirA dimer. Bio-
5'-AMP is both the active intermediate in the enzymatic
transfer of biotin to BCCP and the positive allosteric effector
for site-specific binding of BirA to the biotin operator
sequence. We have previously shown that two holoBirA
monomers bind cooperatively to the two half-sites of the

guences for target site selection in site-specific DNA binding
(28). In general, these effector-linked assembly processes
provide an indirect means of regulating DNA target site
occupancy, and ultimately transcriptional activity, via small
ligand concentration.

Multifunctional CorepressorBiotinyl-5'-AMP functions
not only as the corepressor in the binding of BirAkdi@O

biotin operator sequence. The magnitude of cooperative freebut also as the activated intermediate in transfer of biotin to

energy for the holoBirA-bioO interaction is on the order
of —6 kcal/mol. This conclusion is based on the lack of

acetyl-CoA carboxylase. This dual functionality renders it
uniqgue among the known small ligand modulators of site-

observance of any species in which a holoBirA monomer is specific DNA binding. The corepressor function of the

associated with bBioO half-site sequence, even in an operator
mutant in which one wild-type half-site is replaced by

“nonspecific” flanking sequences. These latter results high-

light the obligatory coupling of dimerization and site-specific

adenylate may simply reflect its ability to promote the
dimerization of BirA that is coupled tbioO binding. We
hypothesize that the dimerization function of bie/AVIP
was acquired relatively recently in the evolution of the

DNA binding in this system. The linkage between repressor protein. This hypothesis is based on the idea that evolution

dimerization and adenylate binding observed in this work

of the means to catalyze synthesis of the adenylate presum-

provides a mechanism by which the corepressor promotesably preceded acquisition of the dimerization function. As

the site-specific binding of BirA tdioQ.

A thermodynamic cycle illustrating the linkage between
bio-5-AMP binding and dimerization is shown in Figure 7.
The Gibbs free energy for binding of bid-BMP to the BirA
monomer has been previously determined, (22). The
Gibbs free energy for dimerization of the liganded protein
was calculated using the best-fit value of the equilibrium

demonstrated in studies of staphyloccocal nuclease, acquisi-
tion of dimerization function by a monomeric protein can
be achieved with very few changes in amino acid sequence
(29). The evolution of coupling between adenylate binding
and dimerization is most likely more complex. Comparative
studies of BirA and other members of the biotin holoenzyme
synthetase enzyme family that do not function as repressors

dimerization constant for this species. The current data may provide some insight into the structural basis for



13084 Biochemistry, Vol. 38, No. 40, 1999

acquisition of this linkage in the protein.

Role for DNA in Biotin Repressor Dimerizatioithe
equilibrium dissociation constant of 1dM determined in
this work for the dimerization of holoBirA indicates that the
holoBirA dimer is only moderately stable. At the physi-
ologically relevant nanomolar protein concentrations that are
also relevant for specific binding tbioO, holoBirA is
essentially 100% monomeR3, 24). The observation that
the final complex, at 10 nM protein concentration, consists
of holoBirA dimer bound tdbioO and that no monomer
DNA species is ever observed suggests that biotin repressor
dimerization, in addition to being driven by binding of bio-
5-AMP, may also be a DNA-induced process. Results of
more detailed equilibrium thermodynamic studies will reveal
the magnitude of this linkage.

Site-specific DNA binding proteins range from those those
that form stable oligomeric species that bind to DNA in a
preassembled state to those that exhibit weak association,
either homo- or heterotypic, and assemble on the DNA. It

has been suggested in some cases that this latter behavior

may be significant for lowering the kinetic barrier to the
association of the protein with DNA3(Q). However, in the
biotin regulatory system the weak dimerization of holoBirA
may instead reflect the requirements of its second function
in catalyzing posttranslational linkage of biotin to acetyl-
CoA carboxylase which may require the monomeric holo-
BirA species. In fact, results of preliminary studies of BirA
mutants indicate that the same surface of the protein is
utilized both for dimerization and for the interaction with
the biotin carboxyl carrier protein subunit of acetyl-CoA
carboxylase.
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