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ABSTRACT. Typical of many transcriptional regulatory proteins, the lambdoid bacteriophage repressors
bind cooperatively to multiple sites on DNA. This cooperative binding is essential for establishment and
maintenance of phage lysogeny. In the phage, two repressor homodimers, one bound at each of the adjacent
operator sites, interact to form the tetramer that is necessary for the cooperative binding of the repressor.
Bacteriophage 434 repressor does not form tetramers in the absence of DNA, and the mechanism by
which the tetramer assembles on the two adjacent sites is unknown. Hence DNA binding may stimulate
the repressor to form tetramers and formation of a repressor oligam@mgonomers) on a single DNA

sites may precede multisite binding. Consistent with these ideas, a complex containing three repressor
molecules readily assembles on a single operatal Gite. Mutations that inhibit cooperative tetramer
binding to the adjacent £ and G2 sites also block formation of this complex. Together with other
evidence, these findings show that the complex that forms on a single site assembles using the same
interface as does the tetramer assembled on adjacent operator sites. Adding addifidvsiQlissociates

the oligomeric represseiDNA complexes into dimeric represse®grl complexes. In contrast, adding

Or2 to these complexes results in the formation of a repressor oligomer containingleam@® an Q1

site. The observation that a repressor oligomer bound to tslosXes is less stable than the one formed
between repressor dimers bound tgl@nd G2 implies that DNA allosterically influences the structure

of the 434 repressor. Together these findings suggest thatzafb@ind repressor may cooperatively

help repressor bind tog2 by recruiting an additional repressor molecule from solution that subsequently
occupies @2.

The cooperative binding of regulatory proteins to nucleic is particularly structured to facilitate occupancy of the weak
acids is a feature of the genetic regulatory circuitry of site. This model of cooperative interactions is often referred
virtually all organisms. ProtetiDNA complexes assembled  to as recruitment. Although many transcriptional activators
via cooperative binding interactions are nucleated by the have been postulated to stimulate transcription by recruiting
strong interaction of one or a few proteins with the DNA. elements of the basal transcription machinery to the promoter
Subsequent binding of additional proteins, which alone have (for review see reP), direct demonstration of recruitment
lower affinity for the DNA, is then stabilized by protein is lacking.

protein .conrt]acés with the tightly bound pr]?tein. ive bind The lysis-lysogeny decision of bacteriophage 434 criti-
_ Despite the demonstrated importance of cooperative bind- o, qenends on the differential affinities of 434 repressor
ing of proteins to nucleic acids, the mechanism by which E

: : " for three sites in the Eregion, the so-called £, Os2, and
cooperative complexes assemble is unclea_lr. On the basis o =3 sites of the phage chromosome. Cooperative binding
studies of several systems, two alternative models haveof two repressor dimers to the adjacentiGand Gi2 sites is
B;%?nprZ?tZZegéL? ?r?gsg](t)ﬁ:tl’ rt]giep:ﬁsﬁnigtgrnhgf}n?f”}gy required for the repressor to establish and maintain bacte-

9 . P Iy | riophage lysogeny. On independent sites, 434 repressor binds
proposed to increase the local concentration of the binding with lowest affinity to G2, 2-fold more tightly to @3 and
protein. This mcrgased local concentratlon IS thc_)ught o with yet a 6-fold higheraff,inity to @L. By contrast, in intact
enhance the binding of the protein to the low affinity sites Or, repressor binds & and G2 With an almo,st equal
(1). An alternative model postulates that unique protein af?i'nity and subsequently binds =@ with 8-fold lower
protein complexes, which are nucleated by the tightly ~_. .7’ . . .

; : : affinity. Thus, in intact @, 434 repressor dimers do not bind
boun.d. protein and not normally present in _solutlon, form indepzlendently o the ﬁwee sitgs in intack: @ather they
specifically and only on DNA. Such a protein assemblage cooperatively bind to the adjacenkDand Q;2 sites. while

T Supported by National Institutes of Health GM42138. bind!ng Q3 independently.. Repressor occupancy RE® .
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Similar to the repressors of other temperate lambdoid precedes interaction of the repressor witl2Oand hence
phages, the 434 repressor can be functionally and structurallytetramer formation does not require the presence of an
divided into two domains7—9). The smaller amino (N-)  adjacent repressor binding site.
terminal domain contains a hetiturn—helix structural motif To distinguish between these two alternatives and to
that is responsible for mediating all specific and nonspecific provide insight into the role that cooperativity plays in the
contacts between the protein and DNEO{-14). In the 434  maintenance and establishment of lysogeny, we addressed
repressor, the carboxyl (C-) terminal domain encompassestwo major questions. First, can a repressor tetramer form on
approximately the last 115 amino acids of the repressor. Thisa single DNA binding site? The answer to this question
domain stabilizes formation of repressor dimers. It also establishes the potential order of proteprotein and
mediates formation of repressor tetramet5-17) and is proteinr-DNA contacts events at O Second, how is the
therefore required for the cooperative binding of two specificity for cooperative binding of repressogXoand G2
repressor dimers to adjacent DNA sites. The two domains generated? This second question addresses how 434 repressor
are joined by a “linker” of~40 amino acids in length. The  binds cooperatively to the three binding sites in an operator
three-dimensional structure of the C-terminal domain of the region in an alternate pairwise fashion, i.e., tgl@nd G2
repressor of bacteriophagehas recently been determined or to Os2 and G3, but not to @1 and Q3.

(18), but no structure of any of the intact repressors has been

determined either in the absence or presence of DNA. EXPERIMENTAL PROCEDURES

Consequently, although we know that dimer and tetramer
formation by bothl and 434 repressors are accompanied by
marked changes in protein conformatid®,(20), structural

Media and Cell Growth Conditiond.iquid cell cultures
were grown in Luria brothZ7) at 37°C. Both Luria broth
insights into interactions between the N-terminal and - @nd Luria agar were supplemented with ampicillin at 100
terminal domains and the linker between them, either in the ug/mL. ) ) ) ]
dimeric or DNA-bound tetrameric repressor, remain un-  Bacterial StrainsE. coli XA90 (28) was used for protein
known. Nonetheless, extensive genetic studies of HochschilgPurification. Plasmids were prepared from JM101.
and co-workers 46, 21) identified amino acids that direct Plasmids Construction of plasmids containing single
the cooperative specificity of repressor. We showed that naturally occurring 434 operators ¢8 Os2, and Q3) (29)
changing one of the amino acids in the homologous position and intact @ (30) have been described previously. For
in 434 repressor decreased the stability of the cooperativeconstruction of the pGEM434D173G plasmid encoding the
tetramer (see below). Thus, 434 ahdepressor appear to D173G mutant repressor, a two-step PCR approach was
use homologous regions of the protein structure to form followed as describedQ). In the first step, two amplification
tetramers. reactions were performed using pGEM434 repres3ay, (

Tetramers formed by the repressors of bacteriophages 434vhich encodes the wild-type 434 repressor, as a template.
and.. are both capable of cooperatively binding to adjacent In one reaction, the forward universal M13 primer 17-mer
sites on DNA. Despite their similarity in structure and 5-GTAAAACGACGGCCAGT-3 and a primer annealing
function, 1 repressor, but not 434 repressor, forms a tetramer inside the 434 repressor coding sequence (sequence corre-
at high concentrations in the absence of DNA. These sponding to amino acids 9402) 3-CGAACACTTGC-
tetramers form in a concentration range that closely ap- CTACGATATCAAGGAC-3 were used for amplification.
proaches that needed for site occupancy g2 @lone 22, In the second reaction, the reverse universal M13 primer 17-
23), Suggesting thatl repressor may bind DNA as a mer 5-AAACAGCTATGACCATG-3' and the mutagenic
preformed tetramer. However, these concentration-induced19-mer primer D173G 'SGACCGCCTCCTATGACCAG-
forms do not appear to have the conformation appropria‘[e 3 were used. The amplification prOdUCtS from both reactions
for specific DNA binding, because added DNA destabilizes Were individually gel isolated. After purification of the
these concentration-induced forngsy. sample by phenol extraction and ethanol precipitation, 50

Despite its ability to bind cooperatively togD and G:2 ng of each product was combined and used as template for
in the nanomolar concentration range, intact 434 repressoranother amplification reaction in the presence ofgleach
does not form tetramers in the absence of DNA, even at Of the forward and reverse universal M13 primers. After gel
millimolar concentrations (G. Koudelka, A. Donner, unpub- Purification, the product of this second PCR reaction was
lished results). Thus, 434 repressor likely does not bind DNA digested withXba | and Bam HI (New England Biolabs)
as a preformed tetramer. How then does repressor bind@nd ligated into a pGEMA434 vector cut with the same
cooperatively to adjacent sites on DNA? Two alternative €nzymes. After transformation into XA90, plasmid DNA was
pathways have been proposed to explain hoyt-Bound extrac_ted and sequenced to confirm the presence of the
repressor “helps” repressor bind aZJ22, 23, 25, 26). First, mutation.
in a model that is a variant of the local concentration model, ~ Purification of Wild-Type and Mutant 434 Repressor
repressor bound at{d may stabilize a repressor dimer that Proteins.Intact 434 repressor proteins were purified from
transiently interacts with the adjacenk®site. This view E. coli XA90 cells bearing the desired expression vector as
requires that the repressor bind t@2prior to associating ~ described elsewhere3§). The C-terminal domains were
with the Q:1-bound repressor, and thus formation of the isolated from the same strain as described in fé&fsand
repressor tetramer requires the presence of an adjacen82
repressor binding site. Alternatively,gO-bound repressor Fluorescence Polarization Spectroscopie fluorescence
may recruit free repressor to the vicinity ofg® thus data were obtained using a SLM8100 L-format spectrofluo-
providing an additional interaction site for the incoming rometer equipped with a 750 W Xenon arc lamp and UV
repressor. In this model, the formation of repressor tetramerstransmitting Glan-Thompson polarizers. G- factor corrections
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were considered in all calculated anisotropy values. For these Gel Mobility Shift AssaysThese experiments were per-
experiments, 10 individual readings were taken at each of formed essentially as described in @& Plasmids bearing
the four orientations of the UV polarizers. Three types of either Qi1 or intact G operator were digested withico RI
fluorescence polarization experiments were performed. In theand Hind 11l restriction endonucleases, and the operator-
first type of experiment, the anisotropy of the intrinsic containing DNA fragments were isolated from agarose gels.
tryptophan fluorescence of repressor was measureds( The DNA fragments were radioactively labeled at théir 3
the concentration of repressor was increased in solution. Theends by incubating the DNA with-[32P]-dATP (3000
excitation wavelength was set 295 nm and the polarized Ci/mmol) (Perkin-Elmer, Boston, MA) in the presence of
emission intensities were recorded at 350 nm. To derive from Klenow fragment of DNA polymerase | (Epicentre, Inc.
the isothermal polarization Perrin plot the limiting anisotropy Madison, WI). The labeled DNA was mixed with speci-
r, we measured the tryptophan anisotropy of 750 nM fied concentrations of repressor protein without or with
repressor at 5, 15, 25, and 32, in the absence or presence unlabeled competing oligonucleotide in binding buffer plus

of 5, 10, and 20% glycerol. The inverse of the measured
anisotropy (Ir) was plotted versu3/y (the ratio between
temperature and viscosity) in an isothermal polarization
Perrin plot, and the data were fitted by linear regression.
According to modified the Perrin equatiod4 35), the value

of the intercept with the ordinate gives the value of the
inverse of apparent limiting anisotropy (§7"). These
measurements yielded an apparent limiting anisotndi

= 0.154117. We substituted this value into the Perrin
equation written as a function of rotational correlation
time 6:

l'o

T+ @) @)

Using thisr 3, together with the lifetimet) of repressor’s

tryptophan fluorescence (3.3 n84}, we can estimate the
size of the concentration-induced species.
In the other two experiments, we recorded the anisotropy

of a double-stranded 20-base pair oligonucleotide encoding

the Qi1 sequence (15 nM), labeled at it$ &nd with
fluorescein 19) as a function of repressor concentration and/

or added unlabeled DNA. For these measurements, the

excitation wavelength was set at 492 nm and the emission

intensities recorded at 520 nm. To examine the effect of
repressor concentration on proteldNA complex size,
increasing concentrations of wild-type or mutant 434 repres-
sor proteins were incubated in binding buffer (10 mM Tris
HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA) in a 75@L, 1

cm path length, quartz cuvette with 15 nM fluorescein-
labeled DNA. Readings were taken afée5 min incubation

at 25°C at each protein concentration step. To examine the
effect of DNA concentration and sequence on the stability
of repressor DNA complexes, different fixed amounts of
fluorescein-labeled gRL—repressor complexes were formed

and subsequently increasing amounts of 20-base pair double

stranded unlabeled oligonucleotides encoding either f#ie O

or the Qx2 sequence were added. The sequences of the DNA

oligonucleotides used for fluorescence polarization were the
following:

Okl top 20-mer 5TATACAAGAAAGTTTGTACT 3’

Or1 bottom 20-mer SBAAGTACAAACTTTCTTGTAT 3’

Ogr2 top 20-mer 5TATACAAGATACATTGTATG 3’

Or2 bottom 20-mer SCATACAATGTATCTTGTATA 3’

Analysis of Fluorescence Anisotropy Datall data
analysis was performed using Origin 7.0 (OriginLab Cor-
poration) or Maple 5.0 software (Waterloo Maple, Inc).
Equations and strategies used for simulations and fitting of
the anisotropy data are given in Results.

5% glycerol for 10 min at 37C. The proteir-DNA com-
plexes were resolved on 5% polyacrylamide gels at room
temperature. The electrophoresis buffer was<OFBE (45

mM Tris, pH 8.9; 45 mM borate; 0.5 mM EDTA). The dried
gels were analyzed using a Phosphor Imager (Molecular
Dynamics).

DNase | Footprinting.DNase | protection assays were
performed as describe@). The DNA probe used in these
assays was obtained by digestion of pBQ)( a plasmid
that contains the intact 434g0egion, with Hind 11l and
Puu Il. After gel isolation, the 160 bp fragment was labeled
at its 3 end as described above. The labeled fragment was
incubated with increasing amounts of either wild-type 434
repressor or D173G mutant protein for 15 min at’@5prior
to addition of sufficient DNase | to generate, on average,
one cleavage per DNA molecule in 5 min of additional
incubation. The cleavage reactions were terminated by
precipitation with ethanol, and the DNA was dissolved in
90% formamide solution containing tracking dyes. The
products of the reaction were resolved on 7.5% acrylamide
gels containing: 8 M urea, 89 mM Tris-HCI pH 8.9, 89 mM
borate, 1 mM EDTA. The cleavage fragments were visual-
ized using a Phosphor Imager (Molecular Dynamics). Af-
finities of the various repressors for the binding sites i O
were determined from quantitative analysis of the phospho-
rimage using ImageQuant (Molecular Dynamics).

N-Ethyl Maleimide (NEM) Modification of Repressdt.
stock solution containing 450M 434 repressor was mixed
with a solution of 5 mg/mL NEM in 0.1 M NaP{pH 7.0
in 1:4 volume ratio and incubated overnight at°€.
Following the reaction, the sample was exhaustively dialyzed
at the same temperature against 10 mM Tris-HCI, pH 7.5,
50 mM NacCl for 24 h to remove unreacted NEM. The extent
of NEM maodification of accessible sulfhydryl groups was
nearly complete as determined by comparing the reaction
of modified and unmodified repressor with 5dthiobis (2-
nitrobenzoic acid) (DTNB).

RESULTS

Added DNA Stimulates Repressor Oligomer Formation.
As a first step in examining repressor oligomer formation,
we monitored the concentration dependence of 434 repressor
tryptophan anisotropy in the absence of DNA. As the
repressor concentration is increased from 0.1 tal¥5 the
measured anisotropy increases and plateaus 14 uM
repressor (Figure 1). No additional increases in anisotropy
are observed at higher concentrations.

The dependence of the repressor anisotropy as a function
of repressor concentration was fitted to eq 2:
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with higher order than a dimer in the absence of DNA. These
04140 | . — observations are both qualitatively and quantitatively con-
— sistent with our previous studies of 434 repressor oligomer-
0.139 7 ization behavior 9).
s Although repressor binds adjacent DNA sites as a tetramer,
o1s8f Figure 1 shows that the repressor does not form this
oligomeric species in the absence of DNA, at least up to 15
0137} /u uM. We wished to examine whether repressor binding to
DNA would stimulate the formation of repressor oligomers
01361 i i ] i ] i i i containing more than two subunits. We cannot monitor this
2 4 6 8 10 12 14 process by simply observing repressor anisotropy. Therefore,
[Repressor] uM we followed repressor oligomer assembly on DNA by

Ficure 1: Concentration-dependent oligomerization of 434 repres- m_easurlng t.he a”'SOtFOF’y of a ﬂ_uorescelr}-labeled 20 bp
sor. The increase in repressor anisotropy is plotted as a function ofoligonucleotide encoding the D site, to which repressor
434 repressor concentration. The anisotropy levels were determineddinds specifically. Repressor DNA binding and oligomer
by monitoring the intrinsic tryptophan fluorescence of repressor formation are then detected as an increase in anisotropy of
with excitation at 295 nm and emission intensity detected at 350 ihis labeled DNA molecule.

nm. The line represents the results of fitting these data to an equation

Anisotropy
]
[ 18

describing the relationship 2R R, (eq 2) with aKpim = 2.15+ Adding increasing _concentrations of repressor to.a constant
0.6 uM (see text). amount of fluorescein-labeledgD increases the anisotropy
of the DNA, reflecting repressor binding taz©. Inspection
Fobs= i T of these data indicated that the increase in DNA anisotropy
2 1 is biphasic (Figure 2). To confirm this observation, we first
(fo—1) Kpim + 4[Rlor — \/ Koim™ 1 8Kpim[ Rt @) attempted to fit these data to models that describe the single-
sat 8[Rl ot step binding of various oligomeric forms of repressor to DNA

(Figure 2A). Such models predict a highly sigmoidal
whererpsis the anisotropy obtained from measurements, dependence of thefD anisotropy on repressor concentration.
is the initial anisotropy obtained at the lowest concentration Comparison of the fitted and experimental data in Figure
of repressort«.is the anisotropy at the plateau, [Ris the 2A shows that the dependence of th@lCanisotropy on
total concentration of repressor present in solution at eachrepressor concentration is not sigmoidal, and as judged by
data point expressed as molar concentration of monomericthe quality of the fit of the data to equations derived from

speciesKpim is the dimerization dissociation constant. these models, such models do not accurately describe the
This equation describes the equilibrium: dependence of g1 anisotropy on repressor concentration.
To determine the stoichiometry of the repressbiNA
2R=R, complexes that are formed in each of the two phases of the

biphasic dependence ofsD anisotropy on repressor con-
The results of this fitting are shown as the line in Figure 1 centration, we sequentially fitted these data to equations that
with fit values Ch? = 2.1132 x 1077, and R?2 = 0.8684. describe each of the two phases of the reaction. The first
Attempts to fit the data either to formation of trimeric or phase is best described by the binding of a repressor dimer
tetrameric repressor species yielded fits that were statisticallyto Or1. This phase saturates-ab0 nM 434 repressor. The
insignificant, arguing against these models (data not shown).behavior of this phase is described by the expression:
Several lines support the conclusion that the overall change
in anisotropy value observed in Figure 1 results from ZR_K_Dl_ R+ 0O 1_K_DZ_ R(O.1
concentration-dependent repressor dimerization. First, as T rRL == Ry(Or1)
discussed above, using the limiting anisotropy of repressor
determined in an isothermal polarization experiment (see To fit the anisotropy data of this phase, we first analytically
Experimental Procedures}¥), we calculated the rotational evaluated eq 3 to giv& the fraction of DNA engaged in
correlation time §) of the species formed at 10 uM the complex R{Og1) species present in reaction as a function
repressor concentration as being 30.35 ns using eq 1. Thisof repressor concentration and the known, fixed total amount
value of 0 is similar to those of other globular-shaped of Ozl DNA present in solution:
proteins that have molecular weights between 42 and 47 kDa
(38). Since the molecular weight of the repressor dimer is (Rt Koy
~45 kDa, this finding suggests that the oligomeric state of [Pl 2[D] W e
repressor at 10 uM is a dimer. Second, thpir, obtained tot tot .
from the fitting the data to eq 2 was 2.#50.6 uM, a value 1 [8[R]Kp1 Ko |2 Koy
that is in excellent agreement with that determined using size 8 > ( ) —16——f,(1—f)—
exclusion chromatograph®9). Third, cross-linking showed [D] ot [Blio [Blior
that repressor forms a dimer in this concentration range, Koz f.=0 (3)
without the formation of higher order repressor speciés (
32, 39). It is important to note that no further increase in where [R], is the total concentration of repressor present in
anisotropy is seen if the protein concentration is increasedsolution at each data point expressed as molar concentration
to 15uM (Figure 1). Thus, in the concentration range of up of monomeric specieKp; is the repressor dimerization
to 15uM, 434 repressor does not appear to form oligomers dissociation constant in the presence ¢fLlONA, Kp; is
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FicurRe 2: Assembly of multiple oligomeric species of 434 repressor
on Ok1. The increase in anisotropy of a 20-base pair fluorescein-
labeled oligonucleotide 4342 measured as a function of added
434 repressor. The concentration of10s 15 nM. The values of
anisotropy correspond to emission intensity detected at 520 nm.
(A) Observed anisotropy dat#lY are represented together with
our attempts to fit these data single-step binding of various
oligomeric forms of repressor to DNA. The fittings were obtained
for various cooperativity coefficients expressing the association
between repressor monomens= 2, 3, 4, 5. (B) The same
anisotropy data points as in A. The lines represent fittings of the

data to two sequential binding events. The solid line between data

points between 0 and 50 nM repressor represents fits to equation
describing the binding of a repressor dimer talOThe lines
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the finding that this model is the only one that gave
statistically significant fits to the data, several lines of
evidence support the idea that the first phase of the anisotropy
increase results from binding of a repressor dimer to DNA.
First, the fitted value of equilibrium dissociation constant
(Kpy) for the binding of a repressor dimerfRo Or1 is 5.6
4+ 0.67 nM, a value that is nearly identical with that measured
in independent experiment®q, 40). Second, the fold change
in DNA anisotropy is what would be expected for this
interaction (eqgs 3 and 4). Third, the repressor concentration
dependence of this phase is consistent with the sequence-
specific binding of a repressor dimer to DNA. Moreover,
no increase in anisotropy is seen in this concentration range
if repressor is added to a fluorescein-labeled DNA bearing
a sequence to which repressor does not bind specifidly (

As repressor concentration is increased beyef nM,
a second phase of anisotropy increase is observed, and the
plateau of this second phase is attained &0 nM of added
434 repressor. Due to the limiting amount of DNA in the
reaction, and knowing that the first plateau in the anisotropy
data represents the binding of a repressor dimergb, @e
second phase of the anisotropy increase (i.e., [434 repressor]
> 50 nM) must be due to the binding of additional repressor
molecules to the initial dimeric repressadgl complex.
Since the oligonucleotide used in our anisotropy experiments
is 20 base pairs in length and since repressor contacts the
DNA phosphate backbone over 18 base pairs, the region of
the DNA where repressor specifically contacts DNA would
be largely covered by the initially bound repressor dimer
(12). Thus, an additional repressor molecule could associate
with the initial complex by binding DNA in a nonspecific
fashion, or by interacting with the DNA-bound repressor
dimer. Two observations indicate that the additional repressor
molecule that joins the repressor dim&g1 complex is not
interacting with the DNA. First, although the second ani-
sotropy change plateau at300 nM repressor, nonspecific

Soinding of repressor to DNA is not observed unless

between 60 and 300 nM represent simulated data obtained usingSubstantially higher repressor concentrations are adt®d (

analytical solutions of equilibrium expressions wherglQs
bound to a trimer <), a tetramer (- - -), or a pentamer (- — -).

As can be seen, only fits to the trimer gave statistically signifi-
cant {2 = 0.97, S. D. of residuals= 2.46 x 104 fits to the
observed data.

the dissociation equilibrium constant of repressor dimers to
Or1 DNA, [D]it is the total concentration of fluoresceirD
DNA present in solutionf; = [R2(Or1)]/[D] w0 the fraction

of DNA present in the complex #R0r1) from the total
amount of @1 DNA in reaction. Subsequently, the analytical
solutions of eq 3 were introduced into the anisotropy eq 4.

(4)

where ppsis the anisotropy obtained from measurements,
is anisotropy of fluorescein-labeleckDDNA in absence of
repressorfsy is the anisotropy of the dimeric repressor
Or1 complex. The best fit of data to eq 4 using the analytical
solutions of eq 3 yielded Kp; = 52 + 12 nM, Kp, = 5.6

+ 0.67 nM,rsee= 0.028173, with fit values Chi= 1.817 x
1079 andR? = 0.96 and is shown together with our data in
Figure 2B. Analytical expressions assuming binding of
monomeric, trimeric, or tetrameric repressor speciesgb O
gave poor fits to the first phase of the data. In addition to

Fobs™

ri + fc(rsat_ I’i)

Second, the C-terminal domain of 434 repressor, a protein
that lacks any DNA binding activity, is able to form a
complex with the specifically bound repressor dimer (see
Figure 4, below). This finding shows that additional repressor
molecules can associate with the initigiOrepressor dimer
complex by interacting with the DNA-bound repressor dimer
via the C-terminal domain. Since higher order repressor
oligomers ¢2 repressor monomers) do not form in the
absence of DNA (Figure 1), the findings in Figure 2 suggest
that DNA induces an allosteric change in the repressor that
allows the formation of such complexes.

Knowing that the first plateau in the anisotropy data
represents the binding of a repressor dimer {gl,Cthe
equilibrium expression accounting for all DNA-containing
repressor species is:

R,"Ogl + (N — 2)R=R Okl

where R is repressor and is the number of repressor
monomers bound to £ in the oligomeric complex. Having
obtained the anisotropy of the dimeric repressOgl
complex from analysis of the data from the first phase data
using egs 3 and 4 we calculated the concentration of this
species and used this information to analyze the second phase
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Ficure 3: Specific binding of higher order repressor oligomers to a singlesite. (A) A labeled 76-base pair DNA fragment bearing one

434 xl site was incubated with increasing concentrations of 434 repressor. Shown is a native gel of the complexes formed under these
conditions. The initial concentrations of DNA and repressor were 5 nM and concentration of repressor was increased in 2-fold steps. (B)
The complex formed in lane 7 of panel A (indicated by the arrow) was incubated with increasing concentrations of a 76-base pair unlabeled
DNA fragment bearing the £l sequence (lanes-2) or 76-base pair fragment that does not contain any sequences to which 434 repressor
binds specifically (lanes-58).

noEr 150 it Repressor + 434 CT repressor dimerOr1 complex as a function of repressor
v 150 M R o2 CT concentration:
n epressor +
N L (GECEY MR GYCED A (e
[RAOR1)]
2[Ry(OrD)] + N{[Ry(Or )] ~ [RAORL)]} (6)

whereKp;z is an apparent equilibrium dissociation constant
that describes the concentration of repressag{{kpressed
ey as the total concentration of repressor monomers) that gives
0.025 50 100 150 200 250 : o ding i i
half-maximal binding in the second phase binding isotherm.
[434 C-terminal Domain] nM We obtained analytical solutions for the binding of three,
o 3 four, and five repressor monomers and substituted these into
FiIGURE 4: Binding of additional 434 repressor molecules to a the anisotropy expression for formation of the oligomeric

repressor QL complex is mediated by proteitprotein interactions, .

not DNA binding. The anisotropy Ar/r,) of a 20-base pair (n = 2) repressorOg1 complex eq 7:
fluorescein-labeled 434 £ oligonucleotide alone or in com-

plex with 434 repressor was measured as a function of added C oy [D] ; [Ro(Og1)] i [Ry(OR1)] @
C-terminal domains of 434 or P22 repressor. 15 nM fluorescein- obs ™ i[D] D D] Oc D]

labeled 434 @1 DNA was equilibrated without&) or with 50 tot tot tot
nM (m) or 150 nM @) intact 434 repressor and increasing . - . .
concentrations of the C-terminal domain of 434 repressor or P22 Whereri is the initial anisotropy of fluorescein-labeleck©
repressor@). measured in the absence of repressgr(= 0.028173) is

the anisotropy of dimeric represse®g1 as determined from
anisotropy increase to identify the number of repressor the fits to eq 4foc is the anisotropy of oligomeric repressor
monomers that add to the initial complex at higher repressor(n > 2)—0Ogr1l complex, and D and & represent the
concentrations. Thus, we started with the mass balanceconcentration of DNA in complex with repressor and the
equation (eq 5) describing the second phase of the bindingtotal concentration of DNA, respectively. The results of the
isotherm (see Figure 2) solutions for the binding of three, four, and five repressor

monomers to DNA are depicted graphically in Figure 2B.

[Ro(OrD)]io: = [R2(Og1)] + [R(Og1)] (5) As shown in the figure, the second phase of the observed

anisotropy data is best described by the analytical solution
where [R(Or1)] represents the concentration of the repressor where the repressefOr1l complex contains three repressor
dimer—DNA complex present at the beginning of the second monomers (see Figure 2B and Figure 2, legend). Hereafter
phase reaction, and [fOr1)] is the concentration of oligo- we will refer to this complex as the higher order or
meric-DNA complex in the second phase reaction. To fit oligomeric repressefDNA complex, reflecting the observa-
the anisotropy data of the second phase, we first analytically tion that this repressetDNA complex contains three repres-
evaluated eq 6, which describes the dependence of thesor monomers.

Relative Change in Anisotropy
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To begin to investigate the mechanism by which the higher of the dimeric repressetOgl complex to increase. Since
order repressefDNA complexes form, we repeated the 434 CT alone does not bind DNA, the increase in anisotropy
experiments shown in Figure 2, and detected repressorreflects the association of 434 CT with the DNA-bound
complex formation by gel electrophoresis on native poly- repressor. Adding higher concentrations of 434 CT to the
acrylamide gels. Similar to the anisotropy results, adding dimeric represserOgr1 complex decreases the anisotropy of
increasing concentrations of repressor to a 76-baséfair  the complex (Figure 4). The decrease in anisotropy was
labeled DNA molecule bearing a single:Dsite results in consistent with our earlier findings showing that at higher
the sequential formation of two complexes (Figure 3A). At concentrations of added 434 CT, intact 434 repressor and
repressor concentrations between 5 and 50 nM, a pretein the C-terminal domain fragment form hemidimers and that
DNA complex of intermediate mobility is formed. We these hemidimers are incapable of binding DNL&)( Hence,
showed previously that this complex corresponds to the the anisotropy decrease seen at higher 434 CT concentrations
binding of a repressor dimer togD (Figure 3A, lanes 26) results from formation of such hemidimers, causing the
(40). At repressor concentrations above 100 nM an additional consequent dissociation of the intact repressor dimer from
supershifted complex is observed (Figure 3, lanes)7 DNA.

Since this supershifted complex forms at a repressor con- Since we do not know the mechanism or affinity of
centration similar to that at which the higher molecular hemidimer formation, we are unable to accurately simulate

order represserDNA complex identified in the anisotropy

the data depicted in Figure 4. However, two lines of evidence

measurements (Figure 2) forms, we suggest that this supersupport the conclusion that the 434 CT-dependent increase

shifted complex represents the higher order repred3tiA
complex.

in anisotropy of the proteinDNA complex seen in Figure
4 reflects formation of a higher order oligomeric repressor

We examined the stability of the higher molecular order species assembled via proteijprotein contacts on a single
repressorDNA complex in the presence of increasing DNA site. First, adding increasing concentrations of the
concentrations of DNA that either does or does not contain C-terminal domain of bacteriophage P22 repressor (P22 CT)
a sequence to which repressor binds specifically. This to the 434 represseiOgl complex does not affect the
experiment allowed us to test whether the higher order anisotropy of the associated DNA (Figure 4). Since we
complex forms by association of additional repressor mono- showed previously that P22 CT does not form complexes
mers with a DNA-bound repressor dimer or by binding with 434 repressor 32), this finding indicates that the
nonspecifically to the DNA in the complex. The higher order anisotropy increase observed in the presence of 434 CT is

repressorcomplex readily dissociates in the presence of a
10-fold excess of DNA containing thegD sequence (Figure
3B, lanes t4). By contrast, the high molecular weight

due specific proteinprotein interactions. Second, the con-
centration of 434 CT needed to decrease the anisotropy of
Or1 in the dimeric repressetDNA complex increases with

complex is stable even in the presence of a 600-fold molar increasing repressor concentrations. The data in Figure 4

excess of nonspecific DNA (Figure 3B, lanes-&). The
slight increase in mobility of the protetrtDNA complex in

show that increasing the concentration of intact repressor
from 50 to 150 nM intact repressor increases the amount of

these lanes is due to the high DNA concentrations, and not434 CT needed to cause the increase in anisotropy from 15
to dissociation of proteins from the complex. These data to 75 nM. At 150 nM repressor, 75 nM of 434 CT is
strongly suggest that additional 434 repressor molecules bindapproximately equimolar to the concentration of the intact

to the represserdimer—Ogr1 complex via proteifrprotein
interactions and not by binding nonspecifically to DNA.

Carboxyl Terminal Domain of Repressor Binds to as1O
Bound Repressor Dimef.o further demonstrate that higher
order complexes of 434 repressor form on a single DNA
site via protein-protein contacts, we assessed the ability of
Ogr1-bound intact repressor to form complexes with the
purified C-terminal domain of 434 repressor (434 CIJ)(
The C-terminal domain fragment lacks the DNA binding
domain of the repressor and does not interact with DNA,
either specifically or nonspecifically. However, the 434
C-terminal domain retains the ability to form dimers with
itself and to bind intact repressor forming a hemidingg) (
Interestingly, this protein fragment also has the ability to
form homotetramers (A. Donner, J. Urbauer, and G. Koudel-
ka, unpublished results).

Adding 434 CT to fluorescein-labeleds® does not alter
the anisotropy of the DNA (Figure 4). This finding confirms
our earlier observation that 434 CT does not bind DNA.
Reflecting formation of a dimeric repressddNA complex,

repressor dimer (Figure 4) present under these conditions.
The only way that the repressor concentration could affect
the dependence of anisotropy on 434 CT concentration is if
434 CT is associating with repressor bound to the fluorescein-
labeled Q1.

Binding of Additional Repressor Monomers to the Repres-
sor Dimer-Qx1 Complex Is Mediated by the Repressor’'s
Tetramerization InterfaceSince additional repressor molecule-
(s) appear to associate with the repressor din@sal
complex by proteir-protein interactions in the C-terminal
domain, we wished to identify the surface of the C-terminal
domain that is involved in forming these complexes. The
anisotropy results indicate that the higher order oligomer
contains three repressor monomers. Thus, formation of a
repressor oligomer bound togD results from the binding
of one monomer to the DNA-bound repressor dimer. It
seemed likely that the tetramerization interface used in
cooperative binding of the repressor to two adjacent sites
on DNA may also mediate this interaction. To test this idea,
mutations and/or chemical modifications were introduced into

adding 50 nM of intact 434 repressor to the fluorescein- this surface of repressor. Two types of modifications in the
labeled Q1 increases its anisotropy (Figure 4, compare tetramerization interface were examined. In one protein, we
anisotropy value of DNA in absence of any protein vs that covalently modified Cys189 of 434 repressor witkethyl

in the presence of repressor alone, see also Figure 2). Atmalemide (NEM), a modification that we previously showed

low concentrations (515 nM), 434 CT causes the anisotropy prevents the cooperative binding of repressor i @nd
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| Vo e Ficure 6: Assembly of multiple oligomeric species of 434 repressor
[ aBa =% on Grl is inhibited by mutations that compromise cooperative
binding of 434 repressor. The relative increase in anisotragy (
Ogr1 ro) of a 20-base pair fluorescein-labeled oligonucleotide 434 O
e p— was measured as a function of added D17@¢0r NEM-modified
S -4 (m) 434 repressor. For reference, the gray line represents the results
=s b ':i; -4 of this experiment for wild-type repressor as reported in Figure 2.

The concentration of g1 is 15 nM. The values of anisotropy
correspond to emission intensity detected at 520 nm. The lines
12345678 12345678 represent a hyperbolic fit to the data. In the case of D173G mutant

. . .. 434 repressor (dotted line), the fit yielded a global apparent bindin
Ficure 5: The D173G 434 repressor is partially defective in constaF;]KD — §8.56i 4_0?5 nM Rzyz 1.6 x %0—3’ coFr)rpeIation= g

cooperative binding to 1 and G:2. The binding of wild-type (A) 0.98), while for NEM modified repressor (solid line) the fit

and D173G mutant (B) 434 repressor to a 16G%plabeled DNA enerated a alobal apparent binding conskants 83 + 13.6 nM
fragment containing the 434g0Jegion 434 examined by DNase | ?RZ =06 x 1904, corFr)gIation: 0_99?. e

footprinting as described in Experimental Procedures. In panels A

and B, the 0.1 nM DNA fragment was incubated in the absence T
(lane 1) or presence (Ianegs—a) of wild-type or mutant 434  appeared to be monophasic, indicating that preponderantly

repressor Concentrations were increased in 2-fold steps starting fromOne type of repressefORl_complex is formed by these
5 nM. proteins as their concentration increases. The overall increase

in anisotropy plateaus at a level35% lower than that of
Or2 (41). In a second protein, we changed aspartic acid 173 the wild-type protein, showing that the complexes formed
to a glycine. Whipple et al.21) showed that changing this  at high concentration of the modified proteins are smaller
residue at the homologous positionimepressor, aspartate  than those formed with the wild-type repressor. These data
197, to glycine decreases the cooperative binding éf a sets where fitted to simple rectangular hyperbolas describing
repressor tetramer to two adjacent sites @k. monophasic repressor binding tg:D Examination of the

To ensure that the D173G mutation confers a tetramer- fitting statistics (see Figure 6 legend) and the quality of the

ization defect on 434 repressor, we examined the ability of fitted line with respect to the observed data in this concentra-
the D173G mutant repressor protein to bind cooperatively tion range indicates that unlike wild-type repressor, the two
to the adjacent @1 and Q2 in intact 434 Q. In the presence  modified repressors do not form considerable amounts of
of 50 nM wild-type 434 repressor 0 is completely oligomers with higher order than a dimer in this concentration

protected from DNase | digestion and botklOand Q2 range. No increase in anisotropy is seen in this concentration
sites are entirely protected at 100 nM repressor (Figure 5).range if these repressors are added to a fluorescein-labeled
Since the intrinsic affinities of repressor forDand G2 DNA bearing a sequence to which they do not bind

differ by 18-fold Q9), these findings show that wild-type specifically (data not shown), indicating that the anisotropy
repressor bound at {2 cooperatively assists binding of increases are due to specific binding of the repressor to DNA.
another repressor dimer ta:2 Similar to the wild-type 434  Similar results were obtained if the complexes were visual-
repressor, the D173G mutant protein occupiged @t 100 ized on native gels (data not shown). Thus, both the mutant
nM repressor (Figure 5), indicating that the mutation does 434 repressor D173G and NEM modified 434 repressor have
not dramatically affect DNA binding of a repressor dimer. areduced tendency to form higher order oligomers than does
However, in contrast to the wild-type proteing®occupancy  the wild-type protein (compare Figures 2 and 6). Since these
by the D173G repressor require$-fold more protein than  proteins both bear modifications in the tetramerization
is required to completely fill the g1 site. This finding shows interface, we conclude that formation of DNA-induced higher
that, as il repressor, the B~ G mutation at this position  order repressor oligomers is mediated, at least in part, by
partially abrogates cooperative tetramer DNA binding by 434 the same surface of repressor that is responsible for mediating
repressor. the side by side cooperative binding of repressor to adjacent
We examined the ability of both the 434 D173G repressor sites.
mutant and the NEM modified 434 repressor to form DNA-  Ogl- and Q:2-Bound Repressor Dimers Mediate Different
induced higher order oligomers using fluorescence anisot- Types of ProteinProtein InteractionsAlthough repressor
ropy. Incubating increasing amounts of either NEM-modified can dimerize both in the absence and presence of DNA, the
or D173G repressor protein with fluorescein-labeled 434 O  results discussed above show that only when repressor is
increases the anisotropy of the DNA (Figure 6). In contrast bound to DNA, can repressor assemble as an oligomer
to the case of the wild-type, unmodified repressor, the containing >2 subunits. Assembly of such DNA-bound
anisotropy increases seen with both modified proteins repressor higher order oligomers, specifically a tetramer, is
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an essential feature of the genetic circuitry needed to maintain
and establish a lysogenic 434 bacteriophage. Since formation
of the DNA-bound repressor trimer observed in Figures 2,
3, and 6 utilizes the tetramer interface (Figure 5), we wanted

mWild-type repressor + 0g1 A
eWild-type repressor + 0,2
ANEM-modified Repressor + 0,2

3
@

to examine whether the trimeric repressor species functions % Eo 8
as an intermediate in the pathway to forming a repressor s %04
tetramer bound to two DNAs. If so, we hypothesized that g 802
the Qkl-bound repressor oligomer should be capable of -2 o
recruiting a DNA site from solution. To test this possibility, o 0 a0 e 80
we measured the effect of added DNA on the anisotropy of [Competing DNA] (nM)
the oligomeric represseiDNA complex. For this experi-
ment, we incubated a low concentration of fluorescein- _12
labeled Q1 (15 nM) with fixed excesses (50 or 150 nM) of g6 Wi oe remreseor + 02 B
wild-type or tetramerization-deficient 434 repressor and §% 02 ANEM-modified Repressor + 02
increasing concentrations of unlabeled 20-base pair oligo- 5
nucleotides bearing the sequence of 434 ©r 434 Q2. 55 08
We reasoned that as the concentration of added DNA 2 2 04 |
increased, this DNA, perhaps together with an additional £ ‘_§ 0.2
repressor molecule recruited from solution, would associate “ ool . : : .
with the DNA-bound repressor trimer. This association would 0 20 40 60 80 100
be detected as an increase in anisotropy of the initial trimeric [Competing DNA] (M)
repressor DNA complex. Ficure 7: Additional DNA binds to the oligomeric repressor

We showed earlier that wild-type or mutant repressor Orl complex. The anisotropy of a 20-base pair fluorescein-labeled
increases the anisotropy of fluorescein-labeled @ue to ~ Orl oligonucleotide bound to the oligomeric 434 repressor was
the binding of repressor dimers (50 nM repressor) or higher ;Jhsed to monitor the binding of additional molecules of DNA to

. : g e complex. In panel A, complexes were formed between 50 nM
order oligomers (150 nM repressor) to this DNA (see Figures wild-type or NEM-modified 434 repressor® (M) (a) and Gl
2, 3, and 6). Consistent with the idea that a DNA-bound were formed and the anisotropy of these complexes is assigned
repressor oligomer can recruit additional DNA sites from the relative value of unity. Subsequently the wild-type repressor
solution, adding +5 nM of unlabeled @2 to the complex Or1 complex was incubated with increasing concentrations of

. L nonfluorescent 20-base pair oligonucleotides bearing tie ()
between @1 and 50 nM 434 repressor results in an initial ;' 0.2 (@) sequence. In a similar fashion, the NEM-modified
increase in anisotropy of the complex (Figure 7A). This repressorOg1 complex was incubated with increasing concentra-
increase has the appearance of a “spike” that disappears ations of nonfluorescent 20-base pair oligonucleotides bearing the
higher Q2 concentrations. A qualitatively similar, but Or2 sequenced). The experiments shown in panel B are identical
quantitatively different pattern of changes in anisotropy is to those in panel A, except the concentration of the repressors was
- increased to 150 nM.

observed when unlabeled:®is added to a complex between
150 nM repressor and labelegkO(Figure 7B). In this case, added DNA concentrations. Indeed, we find that no increase
the appearance of the “spike” increase in anisotropy appearsn anisotropy occurs when(2 is added to the complex of
between 15 and 25 nM {2 before disappearing at higher Ogr1l with the tetramerization defective NEM-modified
Ogr2 concentrations. repressor, instead only a decrease ipl @nisotropy is

We suggest that the spike in anisotropy seen upon additionobserved (Figure 7A,B). Identical results were obtained using
of DNA is due to the binding of the addedgr® DNA the D173G mutant repressor (data not shown). Hence, the
fragment to a preformed repressd@r1l complex. We know  spike in anisotropy results from the binding of the added
from the experiments in Figures-2 that under the condi- Ogr2 to the represserOg1 complex. Due to the complexity
tions of these experiments, the labelegllQite is bound by  of the heterogeneous mixture of species present at the
a trimer of repressor, with one dimer occupying both half- anisotropy “spikes”, we have been unable to definitively
sites of this site. We suggest that this configuration leaves determine whether the binding of the additional DNA to the
an “unoccupied” repressor monomer that is free to interact trimeric represserOg1l complex is accompanied by the
with an additional DNA site in solution. Alternatively, itis  binding of an additional repressor molecule thereby forming
possible that added DNA dissociates this trimeric repressor a repressor tetramer with two DNAs bound. Nonetheless,
DNA complex, and the spike in anisotropy results from the since half-site occupancy has never been reported for 434
binding of two DNASs to a repressor dimer, one that is labeled repressor, and the affects on anisotropy are sequence-specific
and the other that is not. Since we know that formation of a we suggest that binding of additional DNA to trimeric
DNA-bound repressor trimer utilizes the tetramerization repressorOg1l complex is accompanied by formation of a
interface normally used for cooperative DNA binding repressor tetramer. Therefore, these findings suggest that the
(Figures 5 and 6), our interpretation predicts that the pathway for the assembly of repressor tetramer cooperatively
anisotropy of complexes betweeryDand repressors that bound to @1 and Q2 involves the formation of a DNA-
are defective in tetramer formation would not show the bound repressor species that can recruit a DNA molecule
“spike” in anisotropy as unlabeled DNA is added. Con- from solution.
versely, since the tetramerization and dimerization surfaces When we repeated these experiments, instead adding
of repressor are independerit8( 39) and Figure 5), the  unlabeled Q1 to the oligomeric repressefOgl complex,
alternative hypothesis predicts that the anisotropy of the we obtained a surprising result: the addedl@loes not
tetramerization interface mutants should still “spike” at low induce any increase in anisotropy, and instead, only decreases
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-Free DNA

1 2 3 4 586

Ficure 8: Binding of additional DNA to higher order repressor
oligomers on a single g1 site is sequence specifis 5 nM labeled
76-base pair DNA fragment bearing one 4341Gite was incubated
with 100 nM 434 repressor. These conditions are identical to that
shown in Figure 3B lanes 1 and 5. Following equilibration,
increasing concentrations of unlabeleg20wvere added. A sche-

Ciubotaru and Koudelka

functioning of this genetic switch. The question at issue is,
how does the QL-bound repressor assist repressor binding
to the weaker @ site? The answer to this question is not
only of interest to understanding bacteriophage gene regula-
tion but in delineating the mechanism of cooperative binding
of other transcriptional regulatory proteins as well.

Two models have been proposed to account for cooper-
ativity in DNA binding proteins {), and we will consider
below a third model. On the basis of their work in coli
lac operon, Miier-Hill and colleagues suggested that in cases
in which multiple binding sites are present within a relatively
short stretch of DNA, apparently cooperative binding may
occur by enhancing the local concentration of the binding
protein in the vicinity of these siteg), Many transcriptional
control regions, including 434 g contain multiple binding
sites for an individual protein. However, two observations
indicate that the local concentration model does not apply

matic of the complexes formed under these conditions is shown to universally to all cooperative binding interactions. First, the

the right of the gel.

in anisotropy are observed. ThiskDmediated decrease in
anisotropy results from competition between labeled and
unlabeled Q1 for binding repressor (see below). We were
puzzled as to why adding {2 does not cause a similar
anisotropy increase as does adding?Olhe data in Figure
7 show that addition of unlabeledz® completely disrupts
the oligomeric represseiOrl complex at substoichio-
metric concentrations. The efficiency of competition implies
that a repressor oligomer bound to twalCsites is unstable,
as opposed to the relatively stable:15-repressor Ogr2
complex.

To examine this idea, and to verify our interpretation of

local concentration of multiple binding sites drops precipi-
tously with distance 43) and many cooperative binding
interactions are relatively independent of the distance
between the two binding sites. Second, lac repressor may
not adequately model the typical cooperatively binding
protein. Lac repressor is a preformed tetramer capable of
binding two DNA binding sites, whereas most proteins that
bind cooperatively only gain the capacity to bind multiple
DNA binding sites upon forming the cooperatively bound
oligomeric protein-DNA complex. If the cooperating protein
does not preform a complex prior to occupancy of the strong
site, the role of local concentration on the ability of a tight
proteinr—DNA complex to stabilize interactions of the protein
with weak DNA binding site is minimal. Hence, the local

the data in Figure 7, we repeated these experiments, bulconcentration model does not adequately account for the role
detectgd repressor complex formation by gel electrophoresis protein—protein contacts between the strongly bound and
on native polyacrylamide gels. We have already shown that yeakiy hound proteins in facilitating occupancy of a weaker

this complex is stable in the presence of excess nonspecificbinding site.

DNA (Figure 3B, lanes 58). As opposed to completely
dissociating the high molecular weight oligomeric repressor
Or1 species (see Figure 3B, lanes4), adding Q2 to the
complex slightly increases its mobility on gels (Figure 8).
This increase in mobility is consistent with the binding of
Or2 to the oligomeric complex. Such binding would increase

the net negative charge of the complex, resulting in faster

electrophoretic mobility. The observation that onlyXxan
stably bind to the oligomeric repressedrl complexes
suggests that a repressor tetramer can only binckioadd
ORr2, not to two @1 binding sites. These findings suggest
that the binding of a repressor tetramer talGnduces
conformational changes in repressor that only allow the
specific binding of @2.

DISCUSSION

As is true of many transcriptional regulatory proteins,
cooperative binding to DNA is required for gene regulatory

As opposed to increasing the local concentration, a protein
bound to the strong site also can promote binding to the weak
site by providing an additional point of contact in the
assembly of the cooperatively bound proteidNA complex.

In this case, assembly of the complex occurs via a sequential
pathway, with proteir-protein interactions driving DNA
binding to the weak site. Two variants of the sequential
pathway can be envisioned. In one alternative, the increased
affinity of the second protein for the weaker site could result
solely from the having a second “landing site” on the strongly
bound protein in the vicinity of the weaker DNA binding
site. This alternative implies that the proteijorotein interac-
tions that stimulate cooperative DNA binding can occur in
the absence of DNA, a situation found frequenti)(
However, this alternative does not accurately describe many
other systems (see below), including the situation with
cooperative binding by 434 repressor. In a second alternative,
we will term “recruitment”, a unique proteirprotein

functions of bacteriophage 434 repressor. Despite having thecomplex, nucleated by the initial strong binding of one

lowest affinity for repressor of all the sites inRQOrepressor
occupancy of @2 is necessary and sufficient for regulating

protein, forms specifically anadnly on DNA. The thus
formed oligomeric proteir DNA complex must assume a

the essential promoters that direct the phage toward lysogenicstructure that is particularly suited to occupy the weak site.

growth @2). In the absence of cooperative interactions with
a repressor dimer bound akDrepressor, repressor could
only bind Qs:2 at substantially higher concentrations. Hence,

We show here that the pathway for forming a repressor
bound to @1 and Q2 displays the features of complex
assembly by the recruitment, not the “landing site” mecha-

cooperative binding of repressor is essential for the proper nism. First, in the absence of DNA, repressor only forms a
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dimer; however, upon binding of this dimer torD an the bound DNA. Among the best-studied members of this
additional repressor molecule is able to associate with theclass are the nuclear receptors. In this class of proteins, DNA
DNA-bound dimer, thereby assembling an oligomeric re- affects dimer formation and transcription activation by
pressor species on DNA. The additional repressor monomerstabilizing its dimer interface46—47) and catalyzing the
recruited from solution binds the dimeric repressogl exposure of an otherwise buried transcriptional activation
complex via residues normally used for forming tetramers surface 48, 49). Similarly, the precise DNA sequence to
bound at adjacent £ and Q2 sites. Second, the oligomeric  which the RAR-RXR heterodimer is bound modulates the
repressorOgl complex bears a second DNA binding stability of its cooperative interaction with particular co-
element, to which an additional DNA molecule can and does repressors in the presence of the hormd® $1). In the
bind. Pit1/Pou class of proteins, the DNA sequence allosterically
Although we have been unable to determine the stoichi- modifies the precise three-dimensional structure of the
ometry of repressefrDNA in the complex formed upon  cooperative binding surface onto which co-activators and co-
adding DNA to the trimeric represse©Or1l complex, we repressors dock, thereby leading to activation or repression,
suggest that binding of the additional DNA molecule to this respectively. Allosteric modification of protein function is
complex is accompanied by the binding of another repressornot limited to proteins derived from eukaryotic sources. Salas
monomer to form a tetramer. Consistent with this suggestion, and co-workers §2, 53) showed that the p4 protein of
Figure 7 shows that the stability of the trimeric repressor bacteriophage?29 either activates or represses transcription
Or1 complex depends on the sequence of the added DNA.depending only on the identity of the promoter sequence to
Since repressor does not bind DNA specifically as a which RNA polymerase is bound. That activation and
monomer and the trimeric repress@NA complex only has repression are mediated by identical residues in RNA
one DNA binding domain available for interacting with polymerase and the p4 protein. Thus, DNA sequence can
added DNA and repressor, we argue that an additional also alter how the core transcriptional machinery responds
repressor monomer must bind to the complex along with the to identical contacts mediated by the same reguldidy. (
second DNA molecule, thereby providing the sequence The sequence of events that we report here for cooperative
specificity. occupancy of multiple adjacent DNA binding sites by 434
The observation that DNA can bind to the trimeric bacteriophage repressor may also be utilized by repressors
repressorOr1l complex suggests that formation of DNA- of other lambdoid bacteriophages. Little and colleagues
bound repressor tetramer may occur via a sequential mechshowed that the HK022 bacteriophage repressor bound to a
anism where building of a tetramer required for cooperative single k1 site can nucleate the nonspecific binding of
Or1 and @2 occupancy utilizes a trimeric intermediate. Such multiple units of HK022 repressor dimers in a phenomenon
a mechanism would predict that neither the amount of termed extended cooperativitypq, 56). However, when
oligomer formed in reaction nor its stoichiometry would be HKO022 repressor binds togd and an adjacent 2 site, the
influenced by the amount of free repressor dimers presentcooperative interactions are restricted to repressor bound at
in solution. This idea is supported by our finding that the Og1 and Q2. Under this regimen, no further repressor dimers
repressor mutant K121A, which hEg;ner 60-fold lower than are “helped” to bind DNA%7). This latter finding indicates
wild-type repressor39), generates higher level of detectable that the sequence specific interaction of HK022 repressor
oligomeric species than wild-type repressor (data not shown).with Og1 and Q:2 alters its conformation so that extended
Our data show that £, but not Q1, is able to bind to cooperativity is blocked.
an oligomeric repressor assembled on singi# e (Figures A key feature of the recruitment model is that the
7 and 8). That is, only repressor oligomers bound 1 O cooperatively bound proteirDNA complex does not form
and Qx2 are stable, and those bound to twelGsites are (or is unstable) in the absence of DNA. This aspect of the
not. We are intrigued that the favorable arrangement of DNA recruitment assembly mechanism implies that DNA binding
sites bound to an oligomeric repressor that is formed by induces a conformational change in the protein(s) that enables
adding DNA in trans is identical to that in cis, as is the case subsequent proteirprotein interactions. Unfortunately, lack
in wild-type k. These observations imply that the confor- of information concerning the three-dimensional structure
mations of individual repressor dimers in the tetramers are of the 434 repressor, nor any other intact bacteriophage
asymmetric andpredisposedfor binding two different repressor, prohibits us from precisely delineating the struc-
sequences. These findings also suggest that the identity oftural basis for the DNA-induced allosteric transitions.
the DNA sequence to which repressor is bound allosterically However, the results of spectroscopic and mutagenesis
affects the structure and function of repressor. This sugges-studies 15, 32) along with extensive sequence similarities
tion is consistent with our earlier findings showing that indicates that the C-terminal domain 434 repressor shares
adding DNA induces repressor dimerization by altering all structural features displayed by the structurally character-
repressor structurel). Similarly, we also showed that the ized 4 repressor C-terminal domail@TD) (18), UmuD
precise sequence of the site to which repressor binds(58, 59) and lexA 60). On the basis of these structures, the
influences its efficiency transcriptional activatia@®0f. Thus, results of our molecular modeling studies indicate that the
the findings reported here demonstrate that DNA sequencelinker region that joins the N- and C-terminal domains is
allosterically affects virtually all aspects of repressor func- not unstructured, as previously suggested, but is instead
tion: dimerization, tetramer formation, and transcriptional packed against the core of the C-terminal domain. In our
activation. model, the C-terminal end of the linker comes in close
Our findings show that repressor joins a growing class of contact with DNA, and, hence, DNA binding by the 434
transcriptional regulatory proteins whose functions are repressor would affect the structure of the linker region. As
influenced by DNA binding and/or the precise sequence of shown in the structures of the Umuproteins, alteration in
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the position of the linker is accompanied by changes in the
relative disposition of the two halves of the C-terminal
domain of this protein. Such changes in the C-terminal
domain of 434 repressor would alter the relative exposure
of the part of this domain that forms the dimeatimer
interface. Hence, DNA triggers a change in the structure of
the linker region that allosterically affects tetramerization of
repressor. The observation that 434 CT, a protein that lacks

the

the non-DNA bound repressor cannot, supports the sugges-

linker polypeptide, is able to form tetramers, whereas

tion that allosteric transitions mediated by the linker region
regulate cooperative tetramer formation by 434 repressor.

REFERENCES

A WN P

© o ~NoOo u

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

. Muller-Hill, B. (1998) Mol. Microbiol. 29, 13—18.

. Ptashne, M., and Gann, A. (199¥ature 386 569-577.

. Hochschild, A., and Ptashne, M. (1988ature 336 353—-357.

. Daniels, D. I., Schroeder, J. L., Szybalski, W., Sanger, F., Coulson,

A. R., Hong, G. F., Hill, D. F., Petersen, G. F., and Blattner, F.
R. (1983)Lambda I} Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY.

. Schreiber, E., and Schaffner, W. (198®matic Cell Mol. Genet.

15, 591-603.

. Goodman, S. D., and Nash, H. A. (198@ture 341 251-254.
. Pabo, C. O., Sauer, R. T., Sturtevant, J. M., and Ptashne, M. (1979)

Proc. Natl. Acad. Sci. U.S.A. 76608-1612.

. Sauer, R. T., Ross, M. J., and Ptashne, M. (198Bjol. Chem.

257, 4458-4462.

. Sauer, R. T., Pabo, C. O., Meyer, B. J., Ptashne, M., and Backman,

K. (1979) Nature 279 396—-400.

Mondragon, A., Subbiah, S., Almo, S. C., Drottar, M., and
Harrison, S. C. (1989). Mol. Biol. 205 189-200.

Anderson, J. E. (1984) Ph.D. Thesis, Harvard University, Cam-
bridge.

Aggarwal, A., Rodgers, D. W., Drottar, M., Ptashne, M., and
Harrison, S. C. (1988pcience 242899-907.

Wharton, R. P., Brown, E. L., and Ptashne, M. (1988) 38
361—-369.

Wharton, R. P., and Ptashne, M. (198&%ture 316 601-605.
Carlson, P. A., and Koudelka, G. B. (199%)Bacteriol. 176
6907-6914.

Whipple, F., Kuldell, N. H., Cheatham, L. A., and Hochschild,
A. (1994) Genes De. 8, 1212-1223.

DeAnda, J., Poteete, A. R., and Sauer, R. T. (198Bjol. Chem
258 10536-10542.

Bell, C. E., Frescura, P., Hochschild, A., and Lewis, M. (2000)
Cell 101 801-811.

Ciubotaru, M., Bright, F. V., Ingersoll, C. M., and Koudelka, G.
B. (1999)J. Mol. Biol. 294 859-873.

Deb, S., Bandyopadhyay, S., and Roy, S. (2@B6¢hemistry 39
3377-3383.

Whipple, F. W., Hou, E. F., and Hochschild, A. (1998¢nes
Dev. 12, 2791-2802.

Rusinova, E., Ross, J. B. A., Laue, T. M., Sowers, L. C., and
Senear, D. F. (1997iochemistry 3612994-13003.

Senear, D. F., Laue, T. M., Ross, J. B. A., Waxman, E., Eaton,
S., and Rusinova, E. (1998)jiochemistry 326179-6189.

Pray, T. R., Burz, D. S., and Ackers, G. K. (1998Mol. Biol.
282 947-958.

Ptashne, M. (198& Genetic SwitchBlackwell Press, Palo Alto,
CA.

Burz, D. S., and Ackers, G. K. (199Bjochemistry 338406-
8416.

Miller, J. H. (1972)Experiments in Molecular Genetic€old
Spring Harbor Laboratory, Cold Spring Harbor, NY.

28.

29.

31.
32.

33.

35.
36.

37.
38.

39.

40.
41.

Ciubotaru and Koudelka

Coulandre, C., and Miller, J. H. (1973) Mol. Biol. 117 525~
567.
Bell, A. C., and Koudelka, G. B. (1993) Mol. Biol. 234 542—
553.

. Xu, J., and Koudelka, G. B. (1998) Biol. Chem. 27324165~

24172.

Mikaelian, I., and Sergeant, A. (1992)cleic Acids Res. 2@76.
Donner, A. L., Carlson, P. A., and Koudelka, G. B. (1997)
Bacteriol. 179 1253-1261.

Wharton, R. P. (1986peterminants of 434 Repressor Binding
Specificity Harvard University, Cambridge.

. Lakowicz, J. R. (1999%rinciples of Fluorescence Spectroscopy

Kluwer Academic/Plenum, Norwell, MA.

Lakowicz, J. R. (1986Methods Enzymol. 13518-567.
Johnson, A. D., Meyer, B. J., and Ptashne, M. (1%19x. Natl.
Acad. Sci. U.S.A. 766061-5065.

Perrin, F. (1926Ann. Phys. 12169.

Yguerabide, J., Epstein, H. F., and Stryer, L. (127Mlol. Biol.
51, 573-590.

Donner, A. L., and Koudelka, G. B. (1998) Mol. Biol. 283
931-946.

Xu, J., and Koudelka, G. B. (2000)Bacteriol. 1823165-3174.
Carlson, P. A. (1994) Ph.D. Thesis, University at Buffalo, Buffalo.

42. Xu, J., and Koudelka, G. B. (2003) Mol. Biol. 309 573-587.

2
43

44,
45,

48.

49.

50.

51.

57

. Rippe, K., von Hippel, P. H., and Langowski, J. (199%¢nds

Biochem. Sci. 20600-506.

Courey, A. J. (2001¢urr. Biol. 11, R250-R252.

van Tilborg, M. A., Bonvin, A. M., Hard, K., Davis, A. L., Maler,
B., Boelens, R., Yamamoto, K. R., and Kaptein, R. (19253yiol.
Biol. 247, 689-700.

. Dahlman-Wright, K., Wright, A., Gustafsson, J.-A., and Carlstedt-

Duke, J. (1991)). Biol. Chem. 26631073112.

. Holmbeck, S. M., Dyson, H. J., and Wright, P. E. (1998Mol.

Biol. 284 533-539.

Lefstin, J. A., Thomas, J. R., and Yamamoto, K. R. (199dhes
Dev. 8, 2842-2856.

van Tilborg, M. A., Lefstin, J. A., Kruiskamp, M., Teuben, J.,
Boelens, R., Yamamoto, K. R., and Kaptein, R. (2000Mol.
Biol. 301, 947—958.

Kurokawa, R., Soderstrom, M., Horlein, A., Halachmi, S., Brown,
M., Rosenfeld, M. G., and Glass, C. K. (199%ature 377 451—
454,

Westin, S., Kurokawa, R., Nolte, R. T., Wisely, G. B., McInerney,
E. M., Rose, D. W., Milburn, M. V., Rosenfeld, M. G., and Glass,
C. K. (1998)Nature 395 199-202.

. Monsalve, M., Mencia, M., Rojo, F., and Salas, M. (1988)BO
J. 15 383-391.
. Rojo, F., Mencia, M., Monsalve, M., and Salas, M. (1998)g.

Nucleic. Acid. Res. Mol. Biol. 629—-46.

. Scully, K. M., Jacobson, E. M., Jepsen, K., Lunyak, V., Viadiu,

H., Carriere, C., Rose, D. W., Hooshmand, F., Aggarwal, A. K.,
and Rosenfeld, M. G. (200Bcience 29011271131.

. Carlson, N. G., and Little, J. W. (1993)Mol. Biol. 23Q 1108~

1130.

.Mao, C., Carlson, N. G., and Little, J. W. (199%)Mol. Biol.

235 532-544.

. Liu, Z., and Little, J. W. (1998). Mol. Biol. 278 331-338.
. Ferentz, A. E., Opperman, T., Walker, G. C., and Wagner, G.

(1997)Nat. Struct. Biol. 4979-983.

59. Peat, T. S., Frank, E. G., McDonald, J. P., Levine, A. S., Woodgate,

R., and Hendrickson, W. A. (199®ature 380 727—730.

. Luo, Y., Pfuetzner, R. A., Mosimann, S., Paetzel, M., Frey, E.

A., Cherney, M., Kim, B., Little, J. W., and Strynadka, N. C.
(2001)Cell 106 585-594.

BI027318J



