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ABSTRACT. TheEscherichia colrepressor of biotin biosynthesis, BirA, binds site-specifically to the biotin
operator, a 40 base pair imperfect inverted palindrome. Two repressor monomers have been shown to
bind to the two operator half-sites. Analysis of results of quantitative DNase | footprint titrations performed
on the wild-type biotin operator template indicate that binding is well described by a cooperative mechanism.
The data obtained from these studies were, however, insufficient to independently resolve all of the energetic
parameters associated with cooperative binding of the two repressor monomers to the operator site. In
this work, to further dissect the energetics of assembly of the biotin reprelsistin operator complex,
measurements of binding of BirA to four bioO variants designed to reduce the valency of repressor binding
from 2 to 1 have been performed. Results of these measurements indicate, as was found with the wild-
type biotin operator template, that two repressor monomers bind simultaneously to the two half-sites of
all variant operators. Protein dimerization and DNA binding are thus obligatorily coupled in the biotin
repressor system. Furthermore, the results suggest that, in the context of a cooperative binding mechanism,
the cooperative free energy associated with the biotin reprebsmtin operator interaction is significantly

more favorable than the previously estimated kcal/mol.

Coupling of protein assembly to site-specific binding of a A JrioA] orp T [pioF [5ioCbioD)]
regulatory protein to its target site on DNA is a common

theme in formation of transcriptional regulatory complexes. 5 2 —

In eukaryotes, a complex example of this phenomenon is  [ASKES AR IIAMACATITACI TR IGIACHENTIMEN MM

the multiprotein preinitiation complex that forms at the m =

transcriptional initiation regions of genes transcribed by RNA

polymerase 11 {). Even in simple systems in which a single s. Half-site [ Half-site 2

protein binds to a target site, the contribution of a protein 20 A5 0 S 5 0 +15 420

assembly process to the total stability of a transcriptional Wil ype o o A e

regulatory complex can be significant. To gain an under-

standing of the underlying physical chemistry of transcrip-

tional regulation, both the mechanistic and equilibrium " . 3

thermodynamic features of processes involving coupling of

protein assembly to DNA binding must be elucidated. M2 PO

Moreover, the contribution of the assembly process to the TR

observed cooperativity in many site-specific DNA binding

reactions must also be ascertained. n T
Biotin biosynthesis irEscherichia colis regulated at the o2 AT TGTARACCARATTGARAAGE: o

transcriptional levelZ). A schematic diagram of the biotin CTGAACATTTGGTTTAACTTTTCATGTGGCTTAATTGTTG

biosynthetic operon is shown in Figure 1A. The operon
contains five of the six genes that encode biotin biosynthetic Ficure 1: (A) Schematic representation of tischerichia coli
enzymes. The sixth biosynthetic gebi&H, as well as the biotin operon. The five genes that code for biotin biosynthetic
gene that codes for BirAbioR are located on separate f”zym.est.aré?"?t'.“_t.b'OD ?k?d t."oh'? Tgel Ff’tfgmotgrs that COd?. folr

: . - ranscription initiation in the right and left directions, respectively,
r?g'ons of t,hEE'_CO“ C,hromosome' The rep,res,so,r of biotin arePg andP, (3, 4). The boxed sequence in the expansion of the
biosynthesis, BirA, binds to the 40 base pair biotin operator o/p region of the operon is that of the biotin operator. (B)
sequence (bioO) to prevent initiation of transcription from Sequences of the wild-type biotin operat® @nd the mutant
the divergent promoter®, and Pg, of the operon. BirA operator sites constructed for this work. The letters in boldface type

binds to bioO in a biotin-dependent mechanism in which indicate the sequence changes that were made in each of the mutant
bioO sites.
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regulation of transcription of eithdrioR or bioH exists. An

unique feature of this regulatory system is that the transcrip-
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vide no evidence for the existence of a singly liganded spe-
cies in which one holoBirA monomer is bound to the wild-

tional repressor is also the enzyme that catalyzes covalentype bioO half-site at any repressor concentration. Results

linkage of biotin to the biotin acceptor protein subunit of
the acetyl-CoA carboxylas& (8). Moreover, in this system
the corepressor in site-specific binding of BirA to bioO, bio-
5'-AMP, also functions as the activated intermediate in the
biotin transfer reactiong). BirA catalyzes synthesis of bio-
5'-AMP from the substrates biotin and ATP.

BirA is a 35.3 kDa monomer, the structure of which has
been determined by X-ray crystallograp!®).( The protein

of nonlinear least-squares analysis of the titration data using
a cooperative binding model indicate that holoBirA binds
with the same cooperativity to the wild-type and altered bioO
templates. The data have also been analyzed using an
alternative binding model involving association of a pre-
formed holoBirA dimer with the DNA. Comparison of
results of analysis of the data obtained using the two models
indicates that they cannot be distinguished with respect to

monomer contains three domains; N-terminal, central, andthe accuracy with which they describe the binding data.

C-terminal domains. The fold of the N-terminal or DNA
binding domain of BirA places it in the winged hettxurn—
helix class of site-specific DNA binding proteins. The
central domain is involved in both catalysis and DNA binding
since it contains the binding site for bi6-BMP. The

function of the C-terminal domain has yet to be determined.
The biotin operator (bioO) sequence is a nearly perfect
inverted palindrome and thus can be considered to be

composed of two half-sites, which we have arbitrarily

identified as half-sites 1 and 2 (Figure 1B). The adenylate-

These results illustrate a fundamental difficulty associated
with elucidating the mechanism of site-specific DNA binding
of proteins that undergo weak oligomerization reactions.

MATERIALS AND METHODS

Chemicals and Biochemicalg\ll chemicals used in prep-
aration of buffers were at least reagent grade. d@éP-
labeled deoxyribonucleotides (3000 Ci/mmol) were pur-
chased from Amersham. Unlabeled deoxyribonucleotide tri-

bound biotin repressor (holoBirA) has previously been shown Phosphates were from P-L Biochemicals. Klenow fragment

to be monomeric at the concentrations at which it binds to
the biotin operator sequence. The mechanism of site-specific

DNA binding of holoBirA to bioO was reported to involve
cooperative association of two holoBirA monomers to the
two operator half-sites1Q). The binding model is based
on analysis of quantitative DNase | footprint titrations
performed on a DNA template containing the wild-type bioO
sequence. This limited footprint titration data is, however,
insufficient for simultaneous resolution of the three param-
eters, the two intrinsicAG; and AG,, and the cooperative,
AGy,, free energies that govern the holoBirAioO binding
interaction (1). Rather, the intrinsic free energy for binding
of holoBirA to each half-site was obtained from nonlinear
least-squares analysis of the wild-type DNase | footprint
titration data using fixed values for the cooperative free

and restriction endonucleases were obtained from Promega,
Inc. Electrophoresis-grade acrylamide and urea, both of
which were manufactured by Eastman Kodak Co., were pur-
chased from VWR. Bisacrylamide was obtained from Bio-
Rad. All other chemicals were reagent or analytical grade.
Acrylamide, bisacrylamide, and urea were deionized using
the Bio-Rad AG501 mixed-bed resin prior to use. The biotin
repressor, BirA, was purified as described inX6f Protein
concentration was determined by UV absorbance using an
extinction coefficient at 280 nm of 1.3 mgmL cm™.

Construction of Mutant Biotin Operator TemplateAll
mutant templates are derivatives of the plasmid pBioZ, the
construction of which is described in réb. The plasmid
was constructed by inserting a biotin operator fragment
obtained by restriction digestion of the plasmid pAOC3

energy term. Further dissection of the physical chemical (Matsuzaki and Otsuka, personal communication) &ithRI

properties of the holoBirAbioO interaction requires resolu-

into theEcaR site of the vector pZ15QaLQ). Since the vector

tion of all three energetic terms that contribute to the binding €ncodes both a ColE1 and an M13 origin of replication, the
process. This can be accomplished by measuring bindingresulting plasmid can be propagated in either double- or
of holoBirA to reduced-valency biotin operator templates in Single-stranded forms. The availability of the single-stranded
which binding to one or the other half-site is eliminated. form of the plasmid facilitates site-directed mutagenesis of
Results of measurements of binding to the reduced-valencythe biotin operator sequence. Single-site and deletion
templates should allow independent determination of the mutants of bioO were constructed according to the oligo-
intrinsic Gibbs free energies for binding of the holoBirA nucleotide site-directed mutagenesis method described in ref
monomer to each of the biotin operator half-sites. Simul- 13 using a kit obtained from Amersham. TBecoli strain
taneous analysis of data obtained from a combination of wild- TG1 was transformed with the mutagenized plasmid, and
type and mutant templates will allow resolution of all three selection for transformation was achieved by growth of the
energetic terms governing the binding interaction. bacteria on LB medium containing 10@/mL ampicillin.

To accomplish the objectives described above, four Transformants were screened by restriction digestion of
mutants of the biotin operator, each containing Sequenceplasmids isolated from selected clones, and sequences were
alterations in a single half-site of the operator sequence, haveverified using the dideoxy chain-termination methdei)(
been constructed. Results of DNase | footprint titrations  Plasmids were purified fror&. coli strain X90 using the
performed on the altered templates indicate that holoBirA method of Birnboim and Doly15). All plasmids were
binds with considerably reduced affinity to each mutant subjected to a final purification step by cesium chloride
relative to its binding to the wild-type bioO template. density centrifugation and were stored-af0 °C in buffer
However, contrary to expectation, the mutant and wild-type containing 10 mM Tris-HCI, pH 8.0, and 0.1 mM EDTA.
half-operator sequences in all altered operator templatesThe concentration of plasmid DNA was determined by UV
display similar dependencies of fractional occupancy on absorption using an extinction coefficient at 260 nm of 50
holoBirA monomer concentration. The data, moreover, pro- ug~! mL cm™.
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Preparation of Fragments for DNase | Footprinting.
Plasmids containing wild-type and mutant biotin operator
fragments were first cleaved with the enzyhiimdIll. The
resulting product was end-labeled wif® using the Klenow
fill-in procedure and the labeled DNA was separated from

unincorporated nucleotides by anion-exchange chromatog-

raphy on NACS Prepac Columns (Life Technologies, Inc.).
The labeled DNA was cleaved witPst and resulting

Streaker and Beckett

densities for bands or blocks of bands in each operator half-
site were obtained at each protein concentration and binding
isotherms were generated as described in Brenowitz et al.
(11). Binding data were analyzed by nonlinear least-squares
techniques using NonLir2Q). In all data analysis, the free
holoBirA concentration is assumed to be equivalent to the
total holoBirA concentration. The low concentration of DNA
utilized in the binding reactions justifies this assumption. The

products were separated by agarose gel electrophoresis. Aftebinding models used in the analyses are discussed in the text.
autoradiography, gel slices containing the operator fragments

were excised and the DNA was purified by electroelution
(16) followed by chromatography on a NACS Prepac
column.
concentration 0f<20000 dpmulL in 10 mM Tris-HCI pH
8.0, and 0.1 mM EDTA and stored at 42C. Fragments
were typically useful for quantitative footprinting for 1.5
weeks.

DNase | Footprinting. Qualitative and quantitative DNase
| footprinting was performed using a modification of the
method described by Brenowitz et dl1j. Binding reactions
were prepared by combining labeled DNA (final concentra-
tion approximately 20 pM) with protein in buffer containing
10 mM Tris-HCI, pH 7.50+ 0.01 at 20.06+ 0.1°C, 50 mM
KCI, 1.0 mM CaC}, 2.5 mM MgCh, 100ug/mL BSA, 20
ug/mL sonicated calf thymus DNA, 28M biotin, and 250
uM ATP and incubated at 20C for at leas 1 h prior to

RESULTS
Design of Mutant bioO Templates Utilized in DNase |

Labeled fragments were suspended at a final Footprint Studies. The sequence of the biotin operator is

shown in Figure 1. The operator sequence is a hyphenated
inverted palindrome consisting of two 18 base pair segments
interrupted ly a 4 base pair AT run (3). We have
previously demonstrated that the mechanism of binding of
holoBirA to the wild-type bioO sequence involves coopera-
tive association of two protein monomers with the two
operator half-sitesl0). The cooperative free energy for the
interaction is estimated to be betwee@ and—3 kcal/mol

in the buffer conditions employed in those experiments. The
two intrinsic and the cooperative free energies governing the
interaction could not, however, be unambiguously resolved
using the data described in the previous work since only
footprints of the wild-type bioO template were considered

DNase | cleavage. At these concentrations of biotin and ATP in the analysis. To resolve the three energetic terms related

the biotin repressor is known to be saturated with Bio-5
AMP (17, 18. The DNase | was diluted just prior to use to
a concentration of 0.2g/mL in buffer identical with that
used for binding reactions minus BSA, calf thymus DNA,
biotin, and ATP. Reactions were initiated by the addition
of 5 uL of the DNase | solution to each 2Q@L reaction
mixture. Afte a 2 min incubation at 20C, the reaction
was quenched by the addition of 3R of a 50 mM Na-
EDTA solution. The DNA was precipitated by the addition
of 700 uL of a solution containing 95% (v/v) absolute
ethanol, 50ug/mL yeast phenylalanyl-tRNA, and 0.31 M
ammonium acetate. After centrifugation, the resulting pellets
were washed twice with 800L of an 80% (v/v) absolute
ethanol solution in water. Each DNA pellet was finally
resuspended in ZL of a solution containing 80% (v/v)
deionized formamide,2 TBE, 0.02% (w/v) xylene cyanol,

to cooperative binding of two holoBirA monomers to the
two bioO half-sites, results of footprints obtained from
reduced-valency operator templates in combination with the
data obtained from footprints of the wild-type template are
required (1). The changes introduced into the bioO
sequence in order to create these “reduced-valency” templates
for binding measurements are shown in Figure 1B. In each
of the first two mutant templates, M1 and M2, two single
base pair changes were introduced into one of the operator
half-sites. The choice of the particular sequence changes
was based on the results of combined genetic and biochemi-
cal studies of the holoBirAbioO interaction. First, it has
been demonstrated that the mutations introduced at positions
—15 or+15 in the bioO sequence result in decreased affinity
of holoBirA for the operator both in vivo and in vitr@Q).
Second, we have found that the guanine bases at positions

and 0.02% (w/v) bromophenol blue. Reaction products were —10 and+10 are altered in their susceptibility to chemical
separated by electrophoresis on 10% denaturing acrylamidemethylation when the operator is saturated with holoBirA
gels and bands were visualized by autoradiography on(Streaker and Beckett, manuscript in preparation). In the

X-OMAT-ARS film (Kodak). The film was preflashed prior
to autoradiography of the products of quantitative footprint
titrations.

Chemical Sequencing of DNAChemical sequences of

second pair of “reduced-valency” templates, D1 and D2,

either the first or second operator half-site, respectively, was
deleted. Each 18 base pair operator half-site is, therefore,
replaced by flanking sequences in these mutants. Note that

bioO templates were obtained on the identical fragments the four central A-T base pairs are retained in both deletion

utilized for DNase | footprinting. Fragments were sequenced
using the reactions specific for purine or pyrimidine bases
as described by Maxam and Gilbett9f. The products of

chemical cleavage were resolved parallel to the products of

DNase | footprinting by electrophoresis on a 10% denaturing
polyacrylamide gel.

Data Analysis. Autoradiographs of the results of quantita-
tive DNase footprinting were digitized using the Molecular
Dynamics personal laser densitometer.
deviation from linearity in the response of the instrument
were made as described previouslg) Integrated optical

mutants. All four mutant templates are expected to allow
binding of only one holoBirA monomer to the wild-type half-
site.

Sizes of the Footprints Obtained with Mutant Operator
Templates.Results of qualitative DNase footprints obtained
with the wild-type and mutant biotin operator templates are
shown in Figure 2. Each of these footprints was obtained
at saturating holoBirA concentration (see below). The end

Corrections for points of each 40 base pair operator sequence relative to each

footprint are indicated in the figure. As demonstrated in the
figure, the sizes of the footprints for all operator templates,
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Ficure 2: Qualitative DNase | footprints obtained with the wild-type and mutant bioO templates. Footprints were obtained as described
in Materials and Methods. (A) Wild-type bioO; (b) bioO M1, (c) bioO M2; (d) bioO D1; (e) bioO D2. The holoBirA concentrations utilized

for footprints of the wild-type and mutant templates arge 80~7 and 1x 106 M, respectively. The lanes labeled-AG and T+ C refer

to results of DNA sequencing of the templates performed using the chemical cleavage methods specific for purines or pyrimidines, respectively.
The changes in the bioO sequence from the wild type are indicated by the boxed italicized letters.
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including wild type and four mutants, are similar. We have are similar to those obtained with the D1 template (data not
previously demonstrated that the stoichiometry of the shown). Most significantly, no evidence for the existence
complex formed between holoBirA and wild-type bioO is 2 of a singly liganded species in which a holoBirA monomer
protein monomers/operator sité0j. On the basis of the is bound to only the wild-type operator half-site was present
lengths of the protected regions observed with the mutantin titrations of these three mutant templates. The results of
operators, we infer that the stoichiometries of the biotin nonlinear least-squares analysis of footprint titration data
repressor complexes formed with these templates are identi-obtained with all five templates using cooperative and
cal with that of the wild-type complex. Thus, contrary to noncooperative binding models are shown in Table 1. The
expectation, both half-sites of all four mutant templates are footprint titrations described in this work were performed
functional in binding holoBirA. in buffer containing 50 mM KCI. As indicated in Table 1,
Quantitatve DNase | Footprints.To quantitate the inter-  the estimated upper limit on the cooperative free energy for
action of holoBirA with each mutant template, equilibrium binding of holoBirA to the wild-type biotin operator template

titrations were performed. A quantitative DNase | footprint
titration of the bioO D1 template with holoBirA is shown in

Figure 3. As indicated in the figure, the wild-type and non-
specific half-site in the template show very similar depend-
encies of protection from DNase | cleavage on holoBirA

in this buffer is approximately-2 kcal/mol, a value similar

to that previously obtained in buffer containing 200 mM KCI
(20). Any further decrease in the magnitude of the coopera-
tive free energy term did not yield a smaller value for the
square root of the variance of the fit and did lead to larger

concentration. There is, moreover, no evidence for protection confidence intervals for the intrinsic Gibbs free energy terms
of fewer than 40 base pairs of sequence at any holoBirA (data not shown). The intrinsic Gibbs free energy for binding
concentration. Previously reported footprint titration data of holoBirA to each wild-type half-site is, however, more
obtained with the wild-type bioO template were analyzed favorable by 0.5-1.0 kcal/mol at the lower salt concentration.
using the model shown in Figure 4A@. In this model Binding of holoBirA to each mutant template, as with the
two protein monomers associate with the two operator half- wild-type biotin operator template, is, as judged by the values
sites. The two monomers can, in principle, associate eitherof the square root of the variance of the fit, better described
noncooperatively or cooperatively. Based on this model, the by a cooperative than a noncooperative model. An upper
dependence of the fractional saturation of each operator half-limit in the cooperative free energy of2 kcal/mol is
site on holoBirA monomer concentration is given in approximately the same for the mutant and wild-type
templates. No improvement in the quality of the fits resulted
from performing the analysis at more negative fixed values

ky[P] + Kok, [P]?

1= 2 1) of the cooperative free energy term (data not shown). For
1+ (ky k[P kikok; [P all mutant templates the total Gibbs free energy for binding
2 of holoBirA is significantly less favorable than that measured

—2 _ KalP] + Kikokyo[P] ) for the wild-type bioO template.

An alternative model for binding of holoBirA to the mutant
operator templates involves association of a preformed
holoBirA dimer with the template (Figure 4B). We have
found from results of equilibrium analytical ultracentrifu-
gation measurements that holoBirA undergoes limited as-
the intrinsic equilibrium constants governing binding of a sembly to dimer and that the equilibrium dissociation
monomer to half-sites 1 and 2, respectively, &pgis the constant for this process is in the 2000 uM range of
equilibrium constant associated with the cooperative interac- holoBirA monomer concentration (Eisenstein and Beckett,
tion between the two monomers. In a noncooperative manuscript in preparation). Given this equilibrium dissocia-
system, the value of the cooperativity parameter is 1. Resultstion constant and the relatively weak affinity of holoBirA
of analysis of the dependence of fractional saturation on for the mutant templates, it is conceivable that the dimeric
protein concentration for binding of holoBirA to the wild-  holoBirA species is present in sufficiently high concentration
type and bioO D1 templates are shown in Figure 5. As to play a significant role in binding to the mutant templates.
indicated in the figure, the two half-sites of both the wild- This is unlikely for binding of holoBirA to the wild-type
type and mutant bioO templates exhibit identical depend- template since it occurs at significantly lower protein
encies of fractional saturation on holoBirA concentration. concentrations than the range relevant to the monemer
Significantly higher holoBirA concentrations are, however, dimer equilibrium process. The dependence of fractional
required for binding of the mutant than for binding of the saturation of the operator site on holoBirA monomer
wild-type template. Titration data obtained with both the concentration for a model involving association of a pre-
wild-type and D1 operator templates were analyzed using formed dimer with the site is given in
cooperative and noncooperative models for binding of the

1+ (k, + k)[P] + kikoky[PT?

whereY; and Y, represent the fractional saturations of half-
sites 1 and 2, respectively, by holoBirA monomer, [P] is
the holoBirA concentration in monomer unitg,andk, are

two monomers. The analyses were performed by fixing the B [P]2
cooperative free energy at particular values and fitting for Y=———— 3)
the two intrinsic Gibbs free energy terms. The results of KKp + [P]

the analyses, which are shown graphically in Figure 5, ~

indicate that binding of holoBirA to either the wild-type or where Y represents the fractional saturation of the entire
bioO D1 template is better described by a cooperative model.operator site, [P] is the holoBirA monomer concentration,
Quantitative DNase | footprint titrations obtained with the Kp is the equilibrium dissociation constant governing the
three additional mutant operator templates, M1, M2, and D2, dimerization process, and is the equilibrium dissociation
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Ficure 3: Results of quantitative DNase | footprinting of the bioO D1 template with holoBirA. The footprint was performed as described
in Materials and Methods. The half-sites 1 and 2 are as indicated in Figure 1 and the protein concentrations are indicated in Figure 5.

A.

Ficure 4: Schematic representation of the two alternative models
for binding of holoBirA to an operator template. (A) Binding of
two BirA monomers to the two operator half-sites. (B) Binding of
a preformed holoBirA dimer to the template. The equations relating
fractional saturation of the template to holoBirA concentration are
presented in Results.

constant governing binding of the preformed dimer to the
operator site. Results of analysis of the footprint titration
data obtained for the D1 template shown in Figure 6 indi-

1.0

0.8

0.6

saturation

0.4

0.2

0.0
-1

9 -8
log[holoBirA](monomer)
Ficure 5: Individual site binding curves for holoBirA binding to
the two half-sites of wild-type and D1 bioO templates. Wild-type:
half-site 1 (), Half-site 2 ). D1: half-site 1 (J), half-site 2 Q).
The sequences of the half-sites of each template are indicated in
Figure 1. The solid and dashed lines shown with each data set
represent the best-fit individual site binding curves for half-site 1
obtained from nonlinear least-squares analysis of the data assuming

cooperative free energiedG;,, equal to—2 and 0 kcal/mol,
respectively.

T
-10 -7

cate that the data are well described by this alternative
model. Results of application of this model to analysis of
footprint titration data obtained with all of the mutant
templates are shown in Table 2. A comparison of the
goodness of fit for the analyses of the data using the models
for cooperative association of two monomers with the
templates and association of a preformed dimer with the
template indicate that, with the exception of the D2 template,
the quality of the fits is indistinguishable. Consequently,
we are unable to determine which of the two models better
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Table 1: Results of Analysis of Quantitative DNase Footprint mol less favorable than it is for binding of the repressor to

Titration Data Obtained from Wild-Type and Mutant BioO the wild-type template. This magnitude of tRAG is
Templates: Binding of Two HoloBirA Monomets similar for all of the mutant templates examined, regardless
BioO AGL® AG, AG, of the nature of the change in the operator sequence.
templaté  (kcal/mol) (kcal/mol) (kcal/mol) o9
: DISCUSSION
wild type 0 —-118+03 -11.7+03 0.078
-1 -11.4+£02 —11.2+£0.2 0.049 Binding of holoBirA to bioO has previously been shown
Vi1 *g *_1;-21 8-2 *}g-gi 8-2 8-822 to involve cooperative association of two protein monomers
5 86403 -82+03 0036 with the two operator half-sited(). The original intent of
M2 0 95402 -964+03 0.049 measuring binding of holoBirA to the mutant operator
-2 -8.4+04  —86+04 0.032 templates described in this work was to allow resolution of
D1 0 -97+£03  —-97+03 0.065 the three energetic termAG;, AG,, and AG;,, describing
D2 _é :g:gi 8:2 :g:gi 8:2 8:83? cooperative association of the two holoBirA monomers to
—2 -88+03 -75+03 0037 the two biotin operator half-sites. The footprint titration data
2 Data were obtained in buffer containing 10 mM Tris-HCI, 50 mM pbtgined with the mutants Con.StrUCted for this work clearly
KCI, 2.5 mM MgCh, and 1.0 mM CaGl pH 7.50+ 0.02 at 20.0+ indicate that none of them is a true “reduced-valency”

0.1°C, with 20ug/mL calf thymus DNA and 10@g/mL bovine serum  template. First, the qualitative footprints of the mutant
albumin. The model used in the analysis is shown in Figure 4a. templates obtained at saturating holoBirA concentration are
® Sequences of the indicated templates are shown in Figure A&, identical in size to the footprint obtained with the wild-type
was fixed ?t rt}hef_lndlcated values in the analygiSquare root of the biotin operator template. Second, in quantitative footprints
variance of the fit. . . ) ' . .
obtained with the mutant templates, no evidence exists at

—— any repressor concentration to support the contribution of a

1.07 o oo singly liganded operator species, in which one holoBirA
monomer is bound to the wild-type operator half-site, to the

0.8 species population. All occupied biotin operator templates

thus have two holoBirA monomers bound to them.

Lin and Shiuan Z2) have described qualitative DNase |
footprints of single-site and deletion mutants of bioO with
holoBirA. These footprints were performed at a single
0.4 holoBirA concentration at which the operator was fully
occupied. Consistent with the footprints of the double mutant
M1 and M2 templates reported in this work, the footprints

0.6

saturation

02 obtained with single-site mutants at position45 or +15
in the sequence were identical in length to that obtained with
0.0 the wild-type template. However, these researchers also
9 8 7 5 s reported footprints of a half-site deletion mutant of bioO that

contained residue$2 to +33 of the operator sequence (see

, , Figure 1 for numbering scheme). The size of the footprints
Ficure 6: Results of nonlinear least-squares analysis of the dataobtained with this deletion mutant were only-123 base
obtained from quantitative DNase | footprint titration of the D1 irsin | h h h h . |
template using a binding model involving association of the Pairsinlength. Furthermore, these researchers independently
preformed dimer with the template. The significance of the symbols measured the stoichiometry of the complex formed between
is identical with that indicated in Figure 5. holoBirA and the deletion mutant and found it to contain 2
holoBirA monomers/site. They conclude that the monomer
Table 2: Results of Analysis of Quantitative DNase Footprints of  that interacts with the nonspecific region of the template is

log[holoBirA](monomer)

Mutant bioO Templates: Binding of a Preformed Dimer to the in the vicinity but not in direct contact with the DNA. The
Templaté two deletion mutants described in this work, D1 and D2,
BioO template Ko® (M) AG (kcal/mol) o were constructed by deleting base pait3to —20 or+3 to
M1 2x 105 —12.54+0.1 0.039 +20, respectively from the operator sequence and replacing
M2 2x10° —128+01 0.048 them with sequences that normally flank the operator
D1 2x 105 —12.8+0.1 0.035

sequence in the biotin operon. For both of these mutants
aBuffer is identical to that indicated in Table 1. The data were the size of the footprint obtained with holoBirA is ap-
analyzed using the model shown in Figure 4Bhe value of the proxmately 40 base pairs. The. size of the .fOOtp”nt 1S,
equiiibrium dissociation constant for dimerization of holoBirA was fixed MOreover, independent of protein concentration over the
at that measured by equilibrium analytical ultracentrifugatid®quare entire range of the titration curve. In both deletion mutants
root of the variance of the fit. described in this work the (AT)4 sequence present in the
wild-type operator has been retained. This is not true for
describes the data for the three mutant bioO templates D1,the deletion mutant described by Lin and Shiuan. Perhaps
M1, and M2. this sequence, which constitutes a site of enhanced cleavage
Based on the resolved parameters obtained from nonlineay DNase | in the complexes formed between wild-type or
least-squares analysis of the DNase | footprint titration data mutant operators with holoBirA (see Figure 2), is significant
using either binding model, the total Gibbs free energy for for the nature of the contacts formed between one of the
binding of holoBirA to each mutant template is-8 kcal/ repressor monomers and the noncognate half-site in the

D2 2x 10°% —11.9+0.1 0.074
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complex. Alternatively, flanking sequence21 to+33 that Table 3: Microscopic Configurations and Associated Free Energies
are present in the mutant templates described in this workior the HoloBirA—bioO Binding Interactiof

but are absent in th¢2 to +33 deletion mutant of Lin and
Shiuan may be significant in formation of the holoBirA

operator configurations

: i i fr ner
bioO Cor_anE)_(' . . species halI)f-c;%e 1 haﬁ-os??e 2 cont?i%ﬁtigni)éi
HoloBirA binding to the four mutant templates is char-
acterized by a significantly lower stability than is its binding % ﬁoloBirA 8 Xg‘:rence state
to the wild-type biotin operator. The destabilization in terms 3 0 holoBirA AG,
of the total Gibbs free energy for binding to the mutant 4 holoBirA <> holoBirA AG; + AG; + AGy,

templates as compared to the wild-type bioO template ranges = piotin operator half-sites are denoted 0 if vacant or holoBirA if
from 4.1 kcal/mol for D1 to 5.3 kcal/mol for the D2 template. occupied by a holoBirA monomer. The double arrow connecting the

Interestingly, the destabilization of the holoBirperator two holoBirA monomers in species 4 indicates the cooperative
complex caused by introduction of mutations into a single Intéraction between the simultaneously bound monomdEs andAG,
bioO half-site measured in this work is similar in magnitude are the intrinsic free energies for interaction of the holoBirA monomer
. Sl e with half-sites 1 and 2, respectivelAG;; is the free energy of

to estimates based on in vivo measurements of transcriptionalnteraction of two holoBirA monomers bound simultaneously to bioO
repression4). Binding of holoBirA to either class of mutant  half-sites 1 and 2. The tertG; is the sum of the contributions of the
template is specific, as demonstrated by the specificity of microscopic free energies for a given species.
the footprints obtained with the templates as well as the fact
that nonspecific binding in this system appears to be very |If it is assumed that the model involving cooperative
weak. No nonspecific component to the binding of holoBirA binding of two holoBirA monomers to the two bioO half-
to DNA has been detected, even in buffers containing KCI sites accurately describes the assembly of the complex, results
at the relatively low concentration of 50 mM (Beckett, of DNase | footprint titrations of the mutant operator
unpublished results). The destabilization of the holoBirA  templates can be utilized to obtain an upper limit for the
bioO interaction resulting from introduction of two point cooperative free energy associated with the binding interac-
mutations into either half-site sequence is, thus, similar to tion. This is evident from calculations of the contribution
that resulting from replacement of either specific half-site of each operator species to the total species population in
sequence with nonspecific flanking sequence. the titration experiments. The four species that contribute

The quantitative DNase | footprinting data obtained with to binding of holoBirA to bioO in a cooperative binding
the four mutant operator templates described in this work model are shown in Table 3 along with the energetic
have been analyzed using two binding models. One modelcontribution associated with each. The fractional contribu-
involves cooperative association of two holoBirA monomers tion, f;, of each species to the total species population at any
with the two operator half-sites. Since both half-sites of the holoBirA monomer concentration can be calculated from
mutant templates, like those in the wild-type template, show

identical dependencies of fractional occupancy on holoBirA exp(—AGi/R'I')[hoIoBirA]j
monomer concentration, analysis of the DNase | footprinting f= 4)
data obtained with all five templates was performed by fixing z expAG, /RD[hoIoBirA]j
I
I

the cooperative free energy for the interaction at a range of

values and obtaining the best-fit values of the intrinsic free

energies for binding of holoBirA to each operator half-site. whereAG; is the sum of the contributions of the microscopic
As indicated in Table 1, within the limitations imposed by free energies associated with a given spedje$holoBirA]

this analysis, holoBirA binds with similar cooperativity to is the concentration of free holoBirA monomer, grid the

the wild-type and mutant templates. Moreover, in agreementnumber of holoBirA monomers bound to a bioO operator
with previous results of DNase | footprints obtained at a template in théth configuration. The fractional contributions
higher salt concentratiori (), the values of the two intrinsic  of the individual species obtained for binding of holoBirA
free energies for binding of holoBirA to the wild-type to the wild-type bioO template were calculated using the
template are identical. This is not unexpected since the three energetic parameters obtained from analysis of the data
operator site is an inverted palindrome in which the based on a fixed value of the cooperativity paramet&;.,
sequences of the two half-sites are nearly identical. How- of —2 kcal/mol. Results of this calculation are shown in
ever, results of analysis of the footprinting data obtained with Figure 7A. Consistent with the titration data (see Figure
the four mutant templates yield values of the two intrinsic 5), only two species corresponding to the unligandg@nd
free energies for binding to the mutant and wild-type half- the fully ligandedf,, template, are predicted to be observable
sites that are also apparently similar in magnitude. It is in titrations of the wild-type bioO template. A similar
unlikely that this result reflects the true affinities of a calculation can be performed on the basis of analysis of
holoBirA monomer for two half-sites that differ significantly titrations of the mutant templates. As indicated from the
in sequence. Rather, itis an artifact of the manner in which data presented in Table 1, the total Gibbs free energy for
the data were analyzed. Calculation of the species populationbinding of holoBirA to each mutant template is less favorable
distributions discussed below indicates that if association of than that obtained for binding to the wild-type template by
the two holoBirA monomers does occur by a cooperative approximately 5 kcal/mol. In a cooperative system we
mechanism, then the cooperative free energy term associatedssume that thiaAAG is only a consequence of the less
with the binding process is considerably more favorable than favorable interaction of the holoBirA monomer with the
the —2 kcal/mol that was previously estimated and utilized altered half-site and that the intrinsic free energy for binding
in the data analysis presented in this work. of the holoBirA monomer to the wild-type half-sit& G,
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(a) 10 weak or altered half-site and strong or wild-type half-site
BN can be understood in terms of the well-documented prefer-
/ \/ ential partitioning of cooperative free energy to loading of a
weak site in a two-site cooperative syste2B)( Additional

I\ simulations have been performed in which the cooperative
\ free energy was assumed to b8, —4, and—5 kcal/mol
e e (data not shown). Agreement with the experimental results,
logfholoBirA](monomer) log(holoBirA](monomer) however, requires an upper limit on the cooperative free

energy of—6 kcal/mol.

'/}4 I A second model for binding used in analysis of the foot-
/ printing data involves association of a preformed holoBirA

0.3 4 0.3

o
o

J AG1=11 kealimole
¢ AG2=-11 kcalimole
A\ AGr=2keal/mole

AG2= -6 keaVmole }
0.4 AG12=-2 kealimole}

fraction, fi
fraction, fi

{2.£3

{
{ AGI=-9kealimole
!

E 0.6 & 0.6 AGI = -9 kealimole X - . i

g | g [a0mm dreumon dimer with the operator site. Results of analysis of the

35 0.4 / 12=-6 keal/mole ‘g 0.4 AG12=-6 keal/mole ) . . . .

& & ] DNase | footprint titrations of the mutant templates using
021 021 A\ this second model demonstrate that the goodness of fit is
pod—el BB N 00— S similar to that obtained using the model involving cooperative

-11 -10 9 8 -7 -6 -10 -9 -8 -7 -6 -5 . . . . . . .
loglholoBirA](monomer) log[holoBirAKmonomer) association. This conclusion is based on the similar values

FiGURE 7: Population distributions of the species shown in Table fOr the square root of the variance of the fit. Justification
3 as a function of log [holoBirA] (monomer). (A) Wild-type bioO,  of application of the second model to analysis of the footprint
AGy, = —2 kecal/mol. (B) Mutant bioOAG;, = —2 kcal/mol. (C) titration data obtained with the mutant templates is based
Wild-type bioO,AGy, = —6 kcal/mol. (D) Mutant bioOAGy, = on the equilibrium constant for dimerization of holoBirA

—6 kcal/mol. The total Gibbs free energy for binding of holoBirA P : . . .
o wild-type bioO,AGron, is 24 kcalimol in both panels A and measured by equilibrium sedimentation (Eisenstein and

C. Binding of holoBirA to the mutant template, panels B and D, is _Bec_kett, manuscript in prep_aration). The equilibrium dim_e_r-
characterized by a total Gibbs free energy-df9 kcal/mol. ization constant measured in buffer of the same composition

as that used for footprint titrations described in this work is
as well as the cooperative free energyGi,, terms are 20uM. Binding of holoBirA to the mutant templates occurs
unchanged from the values obtained in measurements ofin the 0.14M range of holoBirA monomer concentration.
binding to wild-type bioO. Results of calculations of the In this concentration range the free dimer contributes less
species populations for the case in which half-site 2 is than 1% to the total holoBirA population. Even at this low
mutated are shown in Figure 7B. This figure indicates that level the dimer could be the preferred species in binding to
if the magnitude of the cooperative free energy- kcal/ the mutant templates.
mol, species 2, the singly liganded template in which the In general, transcriptional regulatory proteins bind to their
wild-type half-site is occupied by a holoBirA monomer, target sites on DNA in oligomeric forms. For systems in
should contribute significantly to the total species populations which the oligomerization of the free protein is energetically
over a relatively broad range of holoBirA concentration. very favorable, as observed in studies of the bacteriophage
Moreover, the simulation predicts that the doubly liganded A cl repressorZ4) and the trp represso2$), binding occurs
species should be present at significant levels only at via association of a preformed oligomer to the target site. In
relatively high holoBirA concentrations. The footprint cases in which the oligomerization process is either undetect-
titrations obtained with the mutants indicate that only two able or very weak, it is uncertain if the protein assembly
species, 1 and 4, contribute significantly to the total species precedes or occurs concomitant with DNA binding. Systems
population in the entire range of the titration curve. This in which this weak dimerization has been observed include
experimental observation suggests that if binding occurs viathe LexA repressor fronk. coli (26, 27 and the DNA
a cooperative mechanism, the cooperative free energy in thebinding domain (DBD) of the glucocorticoid recept@8].
system is significantly more favorable thai2 kcal/mol. This On the basis of the size of footprints obtained with a half-
is illustrated in Figure 7C,D. In panel C the species operator construct of the RecA operator as well as compari-
populations are calculated assuming a total Gibbs free energysons of binding of the intact protein and LexA DNA binding
for binding identical with that determined for binding of domain to intact and half-operator sites, LexA is thought to
holoBirA to the wild-type template, a cooperative free energy bind to its dyad symmetric site via a monomé&NA
of —6 kcal/mol, and identical intrinsic free energies for intermediateZ7). A similar mechanism, based on detection
binding of holoBirA to the two half-sites. Results of the of an intermediate complex as well as undetectably weak
calculations are consistent with the experimental observationdimerization of the protein, has been proposed for binding
of only two species in the titration curves. Interestingly, of the glucocorticoid receptor DBD to the glucocorticoid
comparison of Figure 7 panels A and C illustrates the response element. Results presented in this work indicate
difficulty encountered in distinguishing highly cooperative that for the biotin repressor system the validity of either of
from moderately cooperative binding to the wild-type the two binding models cannot be established on the basis
template. The species populations for titration of a mutant of results of equilibrium thermodynamic binding measure-
template in which all of the loss in the energetics of binding ments alone.
reaction is associated with the intrinsic Gibbs free energy The absence of evidence for the formation of any holo-
for binding of holoBirA to the mutant half-site 2G,, are BirA—DNA complexes in which a single monomer is bound
shown in Figure 7D. Consistent with the data obtained with to a wild-type operator half-site has implications for the
the mutant templates, only two species contribute signifi- energetic basis of site-specific binding of this protein to
cantly to the total species population in this highly coopera- DNA. The results indicate that dimerization of holoBirA is
tive system. In the mutant, the simultaneous titration of the necessarily or obligatorily linked to its association with DNA.
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As indicated from results of analysis of the quantitative
DNase | footprinting data, the assembly may occur in the
course of formation of the proteirDNA interface or prior

to DNA binding. Elucidation of the precise mechanism of
the assembly process will require application of kinetic
methods 29). Regardless of the mechanistic details of the
binding reaction, the proteirprotein interaction contributes
significantly to the overall stability of complexes formed
between holoBirA and its target site on DNA.

REFERENCES

1. Orphanides, G., Lagrange, T., and Reinberg, D. (1238)es

Dev. 10, 2657-2683.

.Cronan, J. E., Jr. (1989ell 58 527-529.
. Otsuka, A., and Abelson, J. (1978ature 276 689-693.
. Shiuan, D., Lin, K.-C., and Campbell, A. (199@gne 145

1-7.

. Prakash, O., and Eisenberg, M. A. (19Fc. Natl. Acad.

Sci. U.S.A. 765592-5595.

6. Eisenberg, M. A., Prakash, O., and Hsiung, S.-C. (1982)
Biol. Chem. 25715167 15173.

7. Barker, D. F., and Campbell, A. M. (1981) Mol. Biol. 146
451-467.

8. Barker, D. F., and Campbell, A. M. (1981) Mol. Biol. 146
469-492.

9. Wilson, K., Shewchuk, L. M., Brennan, R. G., Otsuka, A. J.,
and Matthews, B. W. (1992roc. Natl. Acad. Sci. U.S.A.
89, 9257-9261.

10. Abbott, J., and Beckett, D. (199B)jochemistry 329649
9656.

11. Brenowitz, M., Senear, D. F., Shea, M. A., and Ackers, G. K.
(1986) Methods Enzymol. 130,32—181.

12. Zagursky, R. J., and Berman, M. L. (1983¢ne 27 183—
191.

)] AwWN

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

Biochemistry, Vol. 37, No. 9, 1998219

Sayers, J. R., Schmidt, W., and Eckstein, F. (1988)leic
Acids Res. 16791-802.

Sanger, F., Nicklen, S., and Coulson, A. R. (197c. Natl.
Acad. Sci. U.S.A. 746463-5467.

Birnboim, H., and Doly, J. (197%ucleic Acids Res., 1513~
1523.

Maniatis, T., Fritsch, E. F., and Sambrook, J. (1988)ecular
Cloning, A Laboratory ManualCold Spring Harbor Labora-
tory Press, Cold Spring Harbor, NY.

Xu, Y., and Beckett, D. (1998Biochemistry 337354-7360.
Xu, Y., Nenortas, E., and Beckett, D. (198dchemistry 34
16624-16631.

Maxam, A. M., and Gilbert, W. (1980)Jethods Enzymol. 65
449-560.

Johnson, M. L., and Frasier, S. G. (1988&thods Enzymol.
117, 301-342.

Barker, D. F., Kuhn, J., and Campbell, A. (19&8ne 13
89-102.

Lin, K.-C., and Shiuan, D. (1993) Biochem. (Tokyo) 114
670-676.

Ackers, G. K., Shea, M. A., and Smith, F. R. (1983Mol.
Biol. 17Q 223-242.

Beckett, D., Koblan, K. S., and Ackers, G. K. (19%al.
Biochem. 19669-75.

LeTilley, V., and Royer, C. A. (19938iochemistry 327753~
7758.

Schnarr, M., Pouyet, J., Granger-Schnarr, M., and Daune, M.
(1985) Biochemistry 242812-2818.

Kim, B., and Little, J. W. (1992fcience 255203-206.
Dahlman-Wright, K., Siltala-Roos, H., Carlstedt-Duke, J., and
Gustafsson, J.-A. (199@Q). Biol. Chem. 26514030-14035.
Bjornson, K. P., Moore, K. J. M., and Lohman, T. M. (1996)
Biochemistry 352268-2282.

BI9715019



